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Sub-Terahertz Channel Sounder: Review and
Future Challenges
Yejian Lyu, Pekka Kyösti, and Wei Fan

Abstract—Due to the large amount of unused and unexplored
spectrum resource, the so-called sub-Terahertz (sub-THz) fre-
quency bands from 100 to 300 GHz are seen as promising
bands for the next generation of wireless communication sys-
tems. Channel modeling at sub-THz bands is essential for the
design and deployment of future wireless communication systems.
Channel measurement is a widely adopted method to obtain
the channel characteristics and to establish the mathematical
channel models. Channel measurements depend on the design
and construction of channel sounders. Thus, reliable channel
sounding techniques and accurate channel measurements are
required. In this paper, the requirements of an ideal channel
sounder are discussed and the main channel sounding techniques
are described for the sub-THz frequency bands. The state-of-
the-art sub-THz channel sounders reported in the literature
and respective channel measurements are presented. Moreover,
a vector network analyzer (VNA) based channel sounder, which
supports frequency bands from 220 to 330 GHz is presented
and its performance capability and limitation are evaluated. This
paper also discussed the challenge and future outlook of the sub-
THz channel sounders and measurements.

Index Terms—Radio propagation; Beyond 5G communication;
Sub-Terahertz; Channel sounding techniques.

I. INTRODUCTION

The commercialization of the fifth-generation (5G) com-
munication has been carried out in recent years. However,
the ever-increasing request for high data-rate has motivated
the research for high frequency region where large frequency
band is unused and unexplored. Though the borders of the
Terahertz (THz) band are vaguely defined in the literature, it
is commonly agreed to encompass radiation of 30 µm to 3
mm wavelength corresponding to frequency band from 100
GHz to 10 THz [1]–[3]. To avoid unnecessary conflicts with
the THz definition, we call the lower end of the THz band
i.e., 100 GHz to 300 GHz, the sub-THz band. In this work,
sub-THz band is discussed thanks to its potential application
in mobile communication for beyond 5G systems.

Surveys on frequency-dependent atmospheric absorption
of electromagnetic waves in [4]–[7] provide an important
guidance for selecting appropriate sub-THz frequency bands
for wireless communication. The free space attenuation caused
by atmospheric absorption at sub-THz frequency bands, espe-
cially at 120 and 183 GHz bands, is much higher than that
at lower frequency bands. According to these surveys, 140
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and 240 GHz frequency bands have less atmospheric attenu-
ation compared to other sub-THz bands, and are suitable for
long-range broadband communications [8]. Currently, many
countries and organizations are concentrating on the studies at
sub-THz frequency bands. In 2015, wireless applications and
use cases in the frequency bands from 50 to 300 GHz were
proposed by the European Telecommunication Standards In-
stitute (ETSI) [9]. In 2017, IEEE 802.15.3d published the sub-
THz wireless communication standard, which provided a new
physical layer for high data rate wireless networks from 275
to 325 GHz with 8 different channel bandwidths from 2.16 up
to 69.12 GHz [10]. The Federal Communication Commission
(FCC) expanded spectrum licenses for the spectrum above 95
GHz in 2019 [11]. Moreover, the International Telecommuni-
cation Union (ITU) identified the frequency bands from 275
to 450 GHz for land mobile and fixed service applications in
World Radiocommunication Conference 2019 (WRC-19) [12].

The wireless propagation channel is the physical medium
through which radio-frequency (RF) signals are transmitted
and the channel characteristics determine the ultimate per-
formance limit of wireless communications [13]. Channel
characteristics and models are a necessity for the design
and deployment of wireless communication systems [14]–
[17]. Channel measurement is a widely adopted method to
obtain the channel properties and establish the channel models.
The channel characteristics of interest include the large-scale
properties, e.g., path loss (PL) and shadowing, and the small-
scale characteristics, represented by the multi-dimensional
dispersion of the channel, e.g. delay spread (DS), and the co-
and cross-polarization characteristics [18]. At sub-THz bands,
due to the wavelength approaching the size of dust and rain,
etc., the behavior of the sub-THz channel might be different
compared to the conventional low frequency spectrum [4],
[19], [20]. Therefore, channel measurement campaigns at
sub-THz bands need to be conducted and sub-THz channel
characteristics and models should be investigated for the future
communication systems.

The so-called “channel sounder” is a measurement device
with the following functions: the transmitter (Tx) sends out
a signal to excite the channel, the receiver (Rx) observes
the output of the channel, and then the output is stored
[13]. The channel impulse response (CIR) or one of the
other system functions, e.g., the channel frequency response
(CFR) in frequency domain channel sounder, can be obtained
from the knowledge of the transmitted and received signals.
Generally, based on sounding techniques, the channel sounders
utilized in the literature can be categorized into two types,
i.e., time domain sounder (e.g. impulse sounder [21], [22] and
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correlation-based channel sounder [23], [24]) and frequency
domain sounders (e.g. vector network analyzer (VNA) based
channel sounder [25]–[27]) [28]–[30]. Detailed principles and
architectures of channel sounders are described in Section III.

A reliable sub-THz channel sounding technique is the guar-
antee for obtaining accurate channel response data. However,
to our best knowledge, there has been no review that thor-
oughly investigates the sub-THz channel sounding techniques.
Thus, this work focuses on providing a review of the current
channel sounding techniques and measurements at sub-THz
frequency bands. The contributions of the study presented here
are listed in the following:

1) Requirements of an ideal sounder are discussed. Based
on these requirements, different state-of-art channel
sounding techniques are introduced and compared.

2) Reviews of sub-THz channel sounders and channel
measurements in terms of different channel sounding
techniques are provided and discussed. Based on these
reviews, the challenge and future outlook of the sub-THz
channel sounder is provided and discussed.

3) A VNA based channel sounder from 220 to 330 GHz is
presented, and the performance capability and limitation
are evaluated. Furthermore, a double directional mea-
surements are conducted in a laboratory scenario and
the results are analyzed.

The rest of this paper is organized as follows. In Section
II, requirements for an ideal channel sounder are discussed.
Section III contains the current channel sounder techniques
for sub-THz channel measurements. Section IV reviews the
state-of-art sub-THz channel sounders, together with the sub-
THz channel measurements and models. Section V outlines the
architecture of the sub-THz channel sounder at 300 GHz. Sec-
tion VI discusses the sub-THz challenge and future outlook.
Finally, concluding remarks are addressed in Section VII.

II. REQUIREMENTS AND UNIQUENESS OF THE SUB-THZ
CHANNEL SOUNDER

A. Requirements for the sub-THz channel sounding techniques

Channel sounding is a fundamental task for wireless com-
munication engineering. To obtain the accurate channel model
for wireless communication, an ideal channel sounder is
desirable. Some key properties of an ideal channel sounder
are discussed below:

• Flexible carrier frequency setting. The frequency allo-
cation for the beyond 5G communication systems has
not been fully determined yet. Besides, the frequency
dependence of channel parameters is important and needs
to be investigated and understood. Therefore, flexible
carrier frequency settings are required to ensure that all
potential sub-THz frequency band can be investigated.

• Scalable system bandwidth. According to the upcoming
IEEE standard, future beyond 5G communication sys-
tem will be an ultra-wideband (UWB) system [10]. For
channel measurements, the bandwidth setting should be
typically much wider than the true communication sys-
tem. For example, the bandwidth of each carrier is up to
20 MHz in 4G communication systems, while hundreds

MHz bandwidth is required for a channel sounder. Carrier
aggregation scheme, where several frequency bands are
aggregated to improve system data rate, are expected for
future communication system as well. Therefore, scal-
able system bandwidth is desired to meet future system
requirements.

• High sampling rate. Doppler frequency is a measure
for the rate of change of the channel, and it is an
important parameter for wireless communication system.
The maximum Doppler shift is given by:

fd =
v

λ
= fc ·

v

c0
(1)

where fd, λ, v, fc, and c0 denote the maximum Doppler
frequency, the wavelength of the carrier frequency, the
speed of the movement, the carrier frequency, and the
speed of light, respectively. The Doppler frequency de-
pends on the speed of moving object and the carrier
frequency. According to the Nyquist sampling theory,
the sampling rate of the sounder must be at least twice
of the maximum Doppler frequency to avoid aliasing
effects [31]. In sub-THz bands, the effect of the Doppler
frequency will be more severe compared to the lower
frequency bands, and therefore even small movements
such as the movement of pedestrian should be taken into
account in the sub-THz channel. Besides, clock errors
cause artificial Doppler shift. Thus, the clock signals of
the ideal sounder should be perfect.

• High dynamic range. The dynamic range is the power
ratio between the maximum peak and the noise floor.
It depends on the sounding principle and the particular
hardware structures [32], which can directly affect the
maximum detectable measurement distance. Due to the
high atmospheric attenuation at the sub-THz frequencies,
the dynamic range of the sub-THz channel sounder is
more critical to ensure good signaling condition with
a reasonable communication range. Applying high-gain
power amplifiers, directional antennas and some new
techniques e.g. the radio-over-fiber (RoF) techniques can
significantly increase the dynamic range of sub-THz
channel sounder, which however often imply high cost
and more complicated system design.

• Scalable measurement distance. The supported channel
measurement distance should be at least longer than the
link distance in typical deployment scenarios. In outdoor
scenarios, in order to investigate the large scale char-
acteristics of sub-THz channel, i.e. PL and shadowing,
the required distance might be up to several hundred
meters. Even in some indoor scenarios, e.g. big shopping
mall [33], the measurement distance can be quite large.
An ideal channel sounder should meet the measurement
distance requirements of all these scenarios.

• Scalable antenna configuration. Massive multiple-input
multiple-output (MIMO) is a current research topic for
its ability to achieve a better performance in wireless
communication systems [34], [35]. Multiple antenna sys-
tems are widely adopted in commercial communication
systems, and it is expected to be a key physical layer
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technology. In channel measurements, MIMO measure-
ments are also beneficial to obtain the spatial information
of the channel. It is worth mentioning that the real
MIMO configuration is complicated and costly, especially
for massive MIMO system, and therefore virtual array
concept has been widely adopted in the literature [36]–
[38].

• Size and flexibility of the device. This requirement may
be crucial for some application domains. For example, it
may be necessary for the Tx or the Rx to be small and
human portable in highly dynamic vehicular scenarios
and channel measurement campaigns to understand near-
field human body impact [32].

• Cost effective. A channel sounder is substantially more
expensive compared to the actual communication devices.
Besides, when the carrier frequency increases, the hard-
ware requirements of the channel sounder become higher,
which leads to a higher system cost.

• Precision. In an actual communication system, there
are requirements of the radio performance, e.g., error
vector magnitude (EVM), radio-frequency (RF) sensitiv-
ity. These requirements of a channel sounder (i.e. the
measurement instrument) should be more demanding as
compared to the expected communication system and its
tranceivers.

Due to the hardware and cost limitations, practical chan-
nel sounders can not achieve all of the requirements of an
ideal sounder. Depending on the channel sounder principle
and structure, certain requirements can be met while others
can not. In the next section, different types of the sub-THz
channel sounder principle, structure and their pros and cons
are introduced.

B. Sub-THz channel sounder uniqueness

In this subsection, the main differences among sub-THz,
millimeter wave (mmwave) and microwave channel sounding
techniques are discussed as follows:

• Antennas. Antennas are inherently incorporated in the
channel sounding system. Practically speaking, the max-
imum directive gain or directivity of an antenna de-
pends upon its physical size compared to wavelength.
As the frequency goes up, the antennas can become
more directive. For microwave and mmwave bands, both
omnidirectional and directional antennas are employed
for channel sounding purpose, while for sub-THz bands,
the antennas employed are typically very directive. Omni-
directional antennas can be easily found, both for vertical
and horizontal polarization at microwave bands. However,
only vertically polarized omnidirectional antennas are
available at mmwave bands. For example, validation of
channel cross polarization ratio is still a problem in 3GPP
Frequency Range 2 (FR2) MIMO over-the-air (OTA)
due to lacking of horizontal polarized omnidirectional
antennas [39]. Furthermore, due to the large antenna size
(in terms of wavelength), the sub-THz antenna can be
very directive and ultra-wideband, yet physically small.

• Generation of high operation frequency. For mi-
crowave bands, operating frequency can be easily realized
with the signal generator and signal analyzer. However,
it is getting more difficult as the frequency goes up.
For mmwave bands, frequency mixer solution is often
employed to save the system cost as well as to minimize
the cable loss. For sub-THz bands, frequency extender so-
lution needs to be employed since the sub-THz frequency
is not directly supported (e.g. the maximum frequency
supported by N5227B VNA is 67 GHz). Another strategy
to generate sub-THz signal is to separate sub-THz signal
from laser beam by using a DC bias, as introduced in
Section III-B.

• Channel sounder structure. For microwave bands, chan-
nel sounder structure with massive parallel RF chains or
switched RF chains are popular. Examples of channel
sounder systems include [32], [40], [41] with 56 × 32,
128 × 16, and 128 element arrays at 2.6 and 3.5 GHz.
For mmwave bands, due to the high system cost and
hardware limitation, the RF chains of the channel sounder
are limited, e.g., [42], [43] with 8 and 16 parallel chains
operating at the frequencies of 21.5 and 83.5 GHz, re-
spectively. One exception is the 28 switched GHz massive
MIMO system with 256×128 element arrays in [44]. For
sub-THz channel sounder, one chain at the Tx and the Rx
side are typically employed at the moment for channel
sounding.

• Delay resolution. At sub-THz bands, the operating band-
width can be ultrawide (e.g. 110 GHz in our channel
sounder), compared to microwave bands (e.g. 200 MHz
in [32]) and mmwave bands (e.g. 5 GHz in [45]). Conse-
quently, this UWB can provide a high delay resolution of
approximately 3 mm in propagation distance. This new
feature enables identification of more precise propagation
paths, which is not possible for the lower frequency
bands.

• Measurement distance. Signal transmission loss and ca-
ble loss are the main influencing factors for the maximum
measurement distance that channel sounders can achieve.
For microwave bands, the signal transmission loss and
cable loss are low. Therefore, the measurement distance
can be up to tens of kilometers, e.g., 45 km at 2 GHz in
[46]. For mmwave bands, the transmission loss and cable
loss are severe compared to those of microwave bands,
which results in the measurement distance being reduced
to hundreds of meters, e.g., 685 m at 83.5 GHz in [45].
High signal transmission loss and cable loss become the
main problems of sub-THz channel propagation, which
result in shorter link distance in channel measurements,
e.g., several tens of meters. However, with the application
of RoF techniques to reduce the cable loss, the measure-
ment distance can reach 100 m [47].

• Phase measurements. Phase is getting more sensitive
as the frequency goes up, which makes accurate phase
measurement more difficult. Virtual array concept, which
uses one antenna sequentially in many pre-defined spa-
tial locations for channel spatial domain measurements,
is a mature technology for microwave and mmwave
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bands [48], [49]. However, no results have been reported
for sub-THz bands, due to lacking of accurate phase
measurement introduced by errors in system, e.g. cable
moving and bending. Furthermore, synchronization will
be more difficult for sub-THz channel sounder.

III. SUB-THZ CHANNEL SOUNDER AND DIRECTIONAL
MEASUREMENTS PRINCIPLE

Channel sounder with signal generator and spectrum an-
alyzer, THz Time Domain Spectroscopy (THz-TDS), VNA
based channel sounder, and correlation-based channel sounder
are the four main channel sounding techniques in THz fre-
quency bands. According to the sounding technique classi-
fications in Section I, these channel sounding techniques can
be classified into time domain (i.e., THz-TDS and correlation-
based channel sounder) and frequency domain (i.e., channel
sounder with signal generator and spectrum analyzer and
VNA based channel sounder). The principle and structures of
these channel sounders are introduced as follows. Moreover,
review of the state-of-the-art channel sounders are listed and
summarized. Comparison of these four channel sounder and
summaries of the state-of-the-art sub-THz channel sounders
are illustrated in Table I and II, respectively.

A. Channel sounder with signal generator and spectrum an-
alyzer

This is the simplest and most straightforward setup to
measure the power based channel parameters. Signals are
generated from the signal generator (SG) and modulated to
THz bands at the Tx side. At the Rx side, the received
signals are demodulated and stored in the spectrum analyzer
(SA). Although the cost and complexity of this sounder is
low compared with the other three sounders, it can only
conduct power-based measurements and thus not detailed in
the following. The power based response PL(f) at a certain
frequency f can be obtained [55]:

PL(f) =
PR(f)

PT (f)
(2)

where PT (f) and PR(f) represent the transmitted power and
the received power.

B. THz Time Domain Spectroscopy

The structure of the THz-TDS is demonstrated in Fig. 1. A
typical THz-TDS consists of five components: a femtosecond
laser, a beamsplitter (BS), a THz transmitter, a mechanical
delay line and a THz detector [56]. A known short laser pulse
is sent to the BS and then it is split into two beams. One beam
is directed to the THz transmitter. DC bias is used to separate
the optical carrier and the THz pulse, and then the THz pulse
is emitted. The other beam is routed through the mechanical
delay line to the THz detector at the Rx side. Mechanical delay
line is computer-controlled micron-level positioning stage to
obtain the time delay τ . Note that only when the laser pulse
and the THz signal arrive simultaneously, the THz detector
will be activated to receive the THz signal. Therefore, each

Femtosecond laser

Mechanical delay line

DC bias

Computer

THz transmi�er THz detector

THz Channel

Beamspli�er
Short laser pulse

( )* ( , )

( )

( , )
Measured CIR

Fig. 1: A schematic diagram of a typical THz-TDS.

length step of the mechanical delay line is scanned until the
THz detector is activated, and the delay τ can be obtained by
calculating the length of the delay line. The delay changes 6.6
fs for each micrometer of the delay line displacement [57].
The moving speed of the delay line (i.e., picosecond level)
defines the sampling rate of the THz-TDS. Firstly, we define
a channel snapshot as the practical implementation of a CIR.
The measured CIR hmea(t0, τ) for a given channel snapshot
t0 can be written as:

hmea(t0, τ) = p̃(τ) ∗ h(t0, τ) (3)

where p̃(τ) and h(t0, τ) represent the sounder impulse re-
sponse and the true CIR. Since the optical pulse is significantly
shorter than the THz pulse, the sounder impulse response p̃(τ)
can be closer to a Delta function, and the measured CIR
hmea(t0, τ) is more approximate to the true CIR h(t0, τ).

THz-TDS has the advantages of huge and scalable band-
width at THz frequencies [58]. However, due to the large
size of a spectrometer and the limited output power, it is not
suitable for the channel measurements over a link distance
of few meters [19]. The THz-TDS is usually used for channel
measurements in a small distance range and material measure-
ments of electrical and scattering parameters.

C. Vector Network Analyzer based channel sounder

VNA has been widely used in channel measurements [27],
[36], [59]–[61] and it is one of the most popular measurement
device in frequency domain sounding techniques due to its
ability to perform a frequency sweep over a large bandwidth,
ease of calibration, and ease of access in RF laboratory
[62]–[65]. Conventionally, two-port VNAs are commonly used
for low frequency channel measurements [36], [66], e.g.,
centimeter-wave band. The schematic disgram of the two-port
VNA is illustrated in Fig. 2 (a). The VNA can measure the
complex scattering parameter S21 by sending sinusoid signals
from port one and sweeping discrete narrowband frequency
tones across the bandwidth of interest from port two [13]. The
relationship between S21 and the frequency response H(f) is
demonstrated as:

S21(f) = Hsystem Tx(f)HTx(f)H(f)HRx(f)Hsystem Rx(f)
(4)

where f denotes the frequency, Hsystem Tx(f), HTx(f),
HRx(f), and Hsystem Rx(f) represent the response of the
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TABLE I: Comparison of the channel sounders based on requirements.

Sounder type
SG and SA THz-TDS VNA-based Correlation-based

Pros

The carrier frequency is flexi-
ble, however, it might require
multiple frequency extenders.

The carrier frequency is flexi-
ble.

The carrier frequency is flexi-
ble, however, it might require
multiple frequency extenders.

The carrier frequency is flexi-
ble, however, it might require
multiple frequency extenders.

The measurement distance
could reach to dozens of
meters.

Extremely high bandwidth,
e.g. several THz [50].

High bandwidth, e.g. 110 GHz
[51].

High sampling rate and could
be used in dynamic scenario.

It is cost-effective compared to
other three sounders.

High sampling rate. High dynamic range and with
RoF techniques the dynamic
range could reach to 130-140
dB [33], [47].

High dynamic range, e.g. 145
dB [8].

The measurement distance
could reach to dozens of
meters, and it could reach
to 100 meters with RoF
techniques at 140 GHz [47].

The measurement distance
could reach to dozens of
meters.

With virtual array condition, it
could fulfill the requirement of
scalable antenna configuration,
e.g. [52].

The sounder could achieve
scalable antenna configuration,
e.g. the sounder achieves 2×2
MIMO system at 300 GHz in
[53].

Cons

Only for power-based mea-
surements.

Low dynamic range. High signal loss in the cable. Smaller bandwidth compared
to VNA-based sounder and
THz-TDS.

Complex synchronization in
long-range measurements.

Short measurement distance,
e.g. a few tens of centimeters
[54].

Sweep time determined by
IF bandwidth setting and fre-
quency points.

Complex synchronization in
long-range measurements.

Large size of the spectrometer. High cost of the VNA and fre-
quency extenders.

Complex design, additional
hardware and high cost.

system at the Tx side, the Tx antenna, the Rx antenna, and
the system at the Rx side, respectively.

After calibrating the system response, the frequency re-
sponse with the response of antennas HTx(f)H(f)HRx(f)
can be obtained. The CIR h(τ) can be obtained by applying an
inverse discrete Fourier transform to the calibrated frequency
response. A wide bandwidth can be set for the channel
measurements and a high dynamic range can be realized by
the post-processing to reduce random noise by averaging or
applying amplifier at the Tx or Rx side. On the downside,
the channel is required to be static when the VNA sweeps
the band of interest, since frequency sweeping operation is
generally slow, e.g, 9.2 s for one sweeping operation for 1 kHz
IF bandwidth and 10001 frequency points. Thus, VNA based
channel sounder is not suitable for the channel measurements
in highly dynamic scenarios.

At mmwave bands and sub-THz bands, four-ports VNAs
and frequency extenders are used [27], [59]–[61], [67]–[73].
The additional ports can be used to generate a local oscillator
signal for the mixer in the frequency extension in order to
elevate the VNA original frequencies to much higher frequen-
cies [19], as shown in Fig. 2 (b). The channel sounder can
be separated into two parts: transmitting port and receiving
port. On the transmitting port side, VNA generates interme-
diate frequency (IF) signal, e.g. 10 GHz. Then the signal is
amplified by an amplifier (AMP) and modulated with a N
times multipled local oscillator (LO) signal to THz bands.
Moreover, the signal is filtered by a band-pass filter (BPF)

and transmitted by the Tx antenna. On the receiver side, the
received signal is firstly amplified by the low noise amplifier
(LNA) and then demodulated with the same LO signal splitted
from the VNA port three, and finally stored in the computer.
In channel measurements, the Tx and the Rx require cable
connection with the VNA in order to remote the antenna and
synchronize the phase. The signal attenuation in the coaxial
cable increases as the frequency increases [74]. Thus, the cable
connections between the Tx, the VNA and the Rx cause high
cable loss and reduce the dynamic range. Consequently, the
reduced dynamic range leads to short measurement range.

To combat the problem of high cable loss, currently, the RoF
techniques are applied in the VNA based systems [75]–[77], in
which the electrical-to-optical (E/O), the optical-to-electrical
(O/E), and the optical fiber cables are used, as depicted in
Fig. 2 (c). The Tx and Rx extenders are the same as the
former VNA system. After demodulated by the Rx extender,
the signal is converted to the optical signal by the E/O unit
and transmitted through the optical fiber. Then the signal is
converted back to the IF band and sent to the VNA. The
transmission loss through the optical fiber is much lower than
the loss through the coaxial cable, e.g. 0.4 dB/km for a single-
mode optical fiber [78] and approximately 1.59 dB/m for a
coaxial cable at 30 GHz [62]. The use of RoF techniques can
significantly increase the dynamic range of the system to 140
dB, and the measurement range can reach 100 meters [33],
[47]. However, due to the thermal and mechanical stresses, the
fiber cables are sensitive to phase change [79], [80], which
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Fig. 2: The schematic diagrams of VNA based channel
sounder. (a) Two-port VNA based channel sounder; (b) Four-
port VNA based channel sounder with frequency extender; (c)
VNA based channel sounder using RoF techniques.

indicates that the RoF techniques are not suitable for the
phase measurements and have typically been applied in power
measurement. A phase-compensation scheme proposed in [62]
can be used to combat the random phase change in the optical
fiber.

D. Correlation-based channel sounder

Correlation-based channel sounder is a popular time domain
sounder due to their simple implementation and applicability
in different sounding scenarios [23], [24], [81]–[84].

The principle of the correlation-based channel sounder is
as follow: A known maximal-length pseudo-random binary
sequences, alternatively known as pseudo-random noise (PN)
sequence is transmitted over a channel, the received signal
r(t0, τ) for a given channel snapshot t0 can be written as

r(t0, τ) = h(t0, τ) ∗ pTx(τ) (5)

where τ is the time delay variable, and pTx(τ) and h(t0, τ)
represent the PN sequence and the CIR, respectively.
On the receiver side, the received signal is cross-correlated
with the identical and complex conjugated PN sequence
p∗Tx(τ). Thus, the resultant s(t0, τ) can be written as:

s(t0, τ) = r(t0, τ) ∗ p∗Tx(τ)

= P (τ) ∗ h(t0, τ) (6)

Since the auto-correlation function P (τ) of the PN sequence is
a good approximation to the Dirac delta function, the resultant
s(t0, τ) is approximate to the CIR h(t0, τ) [13], [85], [86].

A setup of the correlation-based channel sounder with
frequency extender is illustrated in Fig. 3 (a). In a correlation-
based channel sounder, a known PN sequence is first modu-
lated by an IF signal and amplified, then mixed up with the
local oscillator signal into the frequency range of interest, then
the signal passes through the BPF. After being amplified by a
power amplifier, the signal is radiated through the Tx antenna.
At the Rx side, the received signal is down converted and
amplified by a LNA, then is demodulated with the IF signal
to the baseband. The demodulated signal is correlated with
an identical PN sequence, and then the channel response is
obtained [19]. The signals are sampled by an analog-to-digital
converter (ADC) and the data can be processed by an Field-
programmable gate array (FPGA) or stored in a computer for
post-processing. According to Sampling Theory, to properly
digitize the received signal, the sampling rate of the ADC
must be at least twice the signal rate. For the narrowband
channel measurements, this can be ignored. However, for
the wideband channel measurements, especially for the UWB
channel measurements at THz frequencies, the signal rate
increases. Therefore, the system requires higher speed ADC,
which will lead to higher cost and complexity [87].

In order to ease the hardware requirements for the wideband
channel measurements, sliding correlation (SC) techniques
are utilized [87], [88]. Unlike the correlation-based channel
sounder using two identical PN sequence for autocorrelation,
the sliding correlator uses two similar signals, where the PN
sequence used at the Rx side is identical but at a slightly
offset rate compared to the one used at the Tx side [87].
Multiplying these two similar signals together and carefully
filtering their product will yield a very close approximation
to a time-dilated autocorrelation. The schematic diagram of
the SC-based channel sounder is depicted in Fig. 3 (b). After
being sliding correlated, the signal is filtered by the low-pass
filter (LPF) and then sampled by ADC. Currently, sliding
correlators can offer 1 Gb/s baseband spread spectrum se-
quences, and generally enable cable-free operation over mobile
communication distances of up to 200 meters at sub-THz
frequencies [19], [28]. Since the SC-based channel sounder
can record several hundred channel snapshots per second
depending on the selected slide factor, which is much faster
than the VNA based channel sounder, it can be utilized in a
wider range of scenarios. Compared with VNA-based channel
sounder, without the limitation of the cable connection, the
dynamic range of the SC-based channel sounder can be higher,
however, the complicated synchronization issuse between the
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Fig. 3: The schematic diagrams of correlation-based channel
sounder. (a) A simple correlation-based channel sounder with
frequency extender; (b) SC-based channel sounder.

Tx side and the Rx side should be considered in the long
distance measurements. On the other hand, the SC-based
channel sounder has the smaller bandwidth and requires a
more complex system design and additional hardware [28].

E. Channel spatial profile measurement

Directional scanning method and multi-antenna method are
two basic directional measurement methods to obtain spatial
domain channel characteristics.

1) Directional scanning method [27], [33], [47], [91]: In
this method, highly directional antennas, which can be
mechanically rotated, are applied at the Tx or the Rx or
both. When the antenna rotates, the channel response
at a specific direction can be obtained. By stepping
different values of angles in azimuth and elevation, we
can obtain an approximation of the channel response.
This method requires the channel to be static during
a total measurement duration, which encompasses the
measurements of all the different angles [13]. The total
measurement duration is long as the antenna has to
be mechanically rotated to obtain the spatial channel
response in all directions. Furthermore, the antenna
patterns are inherently embedded in the channel mea-
surements.

2) Multi-antenna method: This method can be categorized
into three different approaches, i.e., real arrays, multi-
plexed arrays, and virtual array.

• Real arrays method [41]: In this method, antenna
arrays are applied at the Tx or the Rx, and the
channel response is measured at all these antenna
elements simultaneously. However, this method re-
quires an individual RF chain for each antenna ele-
ment, resulting in high system cost and complicated
calibration.

• Multiplexed arrays method [92], [93]: Multiple di-
rective antennas are applied in this methods, how-
ever, it only requires one RF branch. This method
uses a fast RF switch to change the connection from
one directive antenna to another.

• Virtual array method [37], [49]: This method uses
only one antenna, which is mechanically moved
from one position to the next, and we can measure
the channel response per position (i.e. virtual array
element). Compared with the other two antenna
array methods, this is a cheap method with flexi-
ble antenna configuration and easy calibration and
maintenance. However, this method is based on the
assumption that the channel is static during the mea-
surement and it often requires a long measurement
time.

After the measurement, the directional channel response
can be extracted by high resolution parameter estimation
(HRPE) algorithms e.g. Multiple Signal Classification
(MUSIC) [94] and Space Alternating Generalized Ex-
pectation maximization (SAGE) [95].

At sub-THz bands, in order to combat the high atmospheric
attenuation of the sub-THz bands, antennas with high gain
and narrow beamwidth need to be applied with the channel
sounding systems [19], [96]. Due to the hardware and cost
limitation, most of the literature conduct the directional mea-
surements by applying the directional scanning method [33],
[47], [97]. As for the HRPE algorithm at sub-THz bands,
mainly the spatial domain aspects, the accuracy is determined
by the phase measurement accuracy and the robustness for the
multiple RF channels in the multi-antenna channel sounder.
However, this has become particularly challenging for the
existing sub-THz channel sounder. Besides, due to the use
of the high gain and narrow beamwidth antennas, the existing
HRPE multi-antenna algorithms are not suitable for sub-THz
bands

F. Synchronization method

Time and frequency synchronization is essential in channel
measurements to ensure the CIR or CFR is recorded accu-
rately. The time synchronization is used to simultaneously
trigger the Tx and Rx operations, and the frequency synchro-
nization eliminates the frequency offset of the local oscillators,
enabling carrier phase measurements [98]. THz-TDS and
VNA-based channel sounder are capable for synchronization,
since the THz-TDS and VNA require cable connections be-
tween the Tx and Rx. However, the cable connections limit the
channel sounder use to short-range measurements. As for other
channel sounders, the conventional method for synchronization
is to share the clock through 10 MHz reference cables between
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TABLE II: Recent sub-THz channel sounder studies.

Reference Frequency range (GHz) Bandwidth (GHz) Frequency/time domain Equipment Dynamic range (dB)
[50] 300-2000 1700 Time domain THz-TDS 40
[89] - 1100 Time domain THz-TDS 48
[90] 100-15000 14900 Time domain THz-TDS -
[59] 300-310 10 Frequency domain VNA 85
[68] 260-340 80 Frequency domain VNA 60
[69] 275-325 50 Frequency domain VNA 65
[70] 126-156 30 Frequency domain VNA 105
[61] 110-170 60 Frequency domain VNA 90
[47] 140-220 80 Frequency domain VNA with RoF 140
[33] 141.1-145.1 4 Frequency domain VNA with RoF 130
[8] 138-142 4 Time domain SC 145

[53] 296-304 8 Time domain Correlation-based 60

the Tx and Rx [53], which also lead to the limitation of the
sounder use in vehicular-to-vehicular and long-range measure-
ments. Another synchronization method is to use two separate,
highly stable clocks, such as Rubidium (Rb) clocks, on the Tx
and Rx sides [99], [100]. Compared to the conventional cheap
crystal oscillators, Rb standard clocks have lower phase noise,
long-term stability, and holdover capabilities [28]. However,
the two Rb clocks require a back-to-back synchronization for
a long time, e.g. several hours, before measurements.

G. Review on sub-THz channel sounders

THz-TDS sounding systems were presented in [50], [89],
[90], [101], where flexible frequency settings of the THz-TDS
from several hundred GHz to even 15 THz and the extremely
wide system bandwidth were exhibited. However, the low
dynamic range (e.g., less than 50 dB) and the large size of
the spectrometer limit the measurement scenarios.

In the VNA based channel sounder part, VNA based channel
sounders at sub-THz bands were presented in [59], [61], [68],
[69]. The dynamic ranges of these sounders vary from 60 to
90 dB. However, due to the signal loss on the RF cables, the
maximum measurement distance of these sounders are limited
to several tens meters. In [33], [47], VNA based sub-THz
channel sounders using RoF techniques were proposed. With
the RoF techniques, the use of the optical fiber significantly
increases the dynamic range and enables the measurement
distance to exceed 100 meters.

Regarding the correlation-based channel sounder, a 300
GHz correlation-based channel sounder with 8 GHz bandwidth
and a dynamic range of 60 dB was presented and evaluated
in [53]. The hardware of this channel sounder allows it to
support MIMO measurements up to 2×2 at 60 GHz and at 300
GHz. A SC-based channel sounder at 140 GHz with 4 GHz
bandwidth and 145 dB dynamic range was proposed in [8] and
has been used in indoor channel measurements. Although the
measurement distance of correlation-based channel sounder
can reach several ten meters, the system bandwidth is lower
compared to the other two types of sounders.

IV. REVIEW ON SUB-THZ HARDWARE DEVELOPMENT AND
CHANNEL MEASUREMENTS

In the former parts, the principles and structures of the
channel sounders are illustrated and discussed. Until now,
many efforts have been made in the sub-THz channel sounding

techniques and measurements. In this part, the state-of-the-art
technologies of the RF hardware and channel measurements
at sub-THz bands are listed and summarized. However, this
review is by no means a complete one and only some rep-
resentative hardware and channel measurements are included
in this work. In Table III, summaries of the sub-THz channel
measurements are provided.

A. Review on sub-THz hardware development
To combat the high PL at sub-THz frequency range, high-

gain antennas are required. In general, increasing the antenna
aperture can achieve a high-gain sub-THz antenna. Dielectric
lens antenna and phased array are the two main approaches to
obtain a large aperture [1]. For the dielectric lens antennas, a
lens is a specially shaped piece of dielectric material that has
focusing and capability to improve the performance of the THz
antennas, e.g., achieving good directivity and high gain [105].
The antenna gain depends on the size, shape, and dielectric
properties of the lens. The maximum gains of the dielectric
lens antennas achieved in [106], [107] are over 30 dBi at
300 GHz. Phased array has been widely adopted at mmwave
frequency bands. Moving from mmwave bands to sub-THz
bands, due to short wavelength, the number of array elements
increases dramatically for the same aperture, which increases
the system cost and complexity. In [108], the first 300 GHz
phased array with 4 horn antenna elements was presented and
the array gain was 20.7 dBi.

Power amplifiers and LNAs play important roles in transmit-
ter and receiver designs, respectively. Their specific properties
determine the ultimate limits for the achievable link range
with highly frequency-dependent power delivery and noise
properties [3]. The complementary metal oxide semiconduc-
tor (CMOS) technologies are widely adopted in the radio
transceiver solutions for current 4G and 5G mobile terminals.
However, these technologies are limited in power generation
and efficiency above 140 GHz [1]. As a consequent, III-
V technologies, e.g. gallium arsenide (GaAs) and silicon
germanium (SiGe), are utilized to overcome the limitation of
CMOS for the power amplifiers and LNAs at sub-THz bands.
The state-of-the-art power amplifiers presented in [109]–[111]
demonstrated the amplifiers can providing more than 17 dBm
output power and more than 16% peak efficiency. For LNAs,
the reported noise figure (NF) of the receivers or LNAs were
in the range of 6 − 9.7 dB from 120 to 170 GHz and 9.5 dB
at 240 GHz [112]–[114].
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TABLE III: Recent sub-THz channel measurement studies.

Reference Frequency (GHz) Equipment Rotation Measurement features
Material measurements

[89] 100-500 THz-TDS × Reflection properties.
[101] 100-350 THz-TDS × Absorption and reflection properties.
[102] 100-1000 THz-TDS × Reflection and scattering properties.
[19] 138-142 SC × Penetration loss and scattering properties.

Indoor channel measurements
[103] 350 & 650 SG and SA × PL and Reflection loss.
[59] 300-310 VNA × Channel transfer functions (CTF) and PL.
[68] 260-400 VNA × CTF, PL and absorption coefficient of materials.
[60] 240-300 VNA × PL
[61] 110-170 VNA × PL, shadowing, DS, and coherence bandwidth.
[69] 275-325 VNA Rx directional K-factors, DSs, and ASs; RT simulation.
[70] 126-156 VNA × PL, DS, AS, cluster.
[71] 140-220 VNA × PL
[73] 110-170 VNA × PL

and 300-316
[33] 141.1-145.1 VNA with RoF Rx directional PL, DS, and AS.
[52] 300-312 VNA × PL, shadowing, DS and Doppler shift of MIMO.
[8] 138-142 SC Double directional PL and penetration loss.
[97] 300-308 Correlation-based Double directional Power angle spectrum.

[104] 300-308 Correlation-based Double directional PL, DS, AS and polarization characteristics.
Outdoor channel measurements

[47] 141-148.5 VNA with RoF Double directional PL, AS, and cluster spread.

In UWB communication systems at sub-THz bands, high-
speed ADCs are the core devices which affect system perfor-
mance. However, the requirements for high speed and high
resolution increase the system cost [115]. Generally speaking,
there are two methods to achieve a high-speed ADC. The first
one is the SiGe BiCMOS ADC, which has a high device cut-
off frequency and can support the circuit to operate at a high
frequency [116]. However, this ADC requires great power
consumption and is at a low-resolution, as demonstrated in
[117]. The other one is the multiple time-interleaved ADC.
Due to the rapid development of the CMOS technologies, the
high intergration and low power consumption can be realized
in this ADC circuit [118]. However, it faces some problems
such as the complexity of the multiple interleaved channels and
corresponding calibration circuits [116]. Recent work reported
in [118]–[120] demonstrated that the sampling rate of the high-
speed ADCs can be achieved to dozens of GS/s.

B. Review on sub-THz channel measurements

For the propagation mechanism of different materials at the
sub-THz bands, the THz-TDS is mainly used for this purpose
in the literature. The reflection properties of two stratified
building materials, i.e., a double pane window and white paint
on plaster, at different angles in the frequency range from
100 to 500 GHz were measured and investigated by THz-TDS
in [89]. Besides, a ray tracing (RT) simulation for a sample
indoor scenario at 350 GHz was presented. The simulation
results agreed well with the measured reflection coefficients.
The absorption and reflection properties at different angles
from 100 to 350 GHz of three typical building materials,
i.e., plaster, wood, and glass, were measured using THz-
TDS and presented in [101]. The reflection coefficients were
also calculated using Fresnel’s equations. The measurement
results and the calculated values were in a good agreement,
which demonstrated that the THz-TDS can be used as an

efficient tool to characterize reflection properties of diverse
materials. The angle- and frequency-dependent measurements
from 0.1 to 1 THz using THz-TDS and the reflection model
of materials with a rough surface based on the Kirchhoff
scattering theory were presented in [102]. Furthermore, a
RT algorithm with an advanced Kirchhoff model considering
randomly rough, normally distributed surfaces was proposed
and used to simulate the signal coverage of a typical office
scenario. It showed that with a low surface roughness, a high
data rate of 20 Gbit/s can be reached, while under a high
roughness condition, the communication would be failed. The
propagation mechanism can also be investigated by using
VNA-based sounder and correlation-based sounder. Channel
measurements at 140 GHz were conducted using correlation-
based sounder in [19] to investigate the surface roughness
influence on scattering behavior between the mm-wave and
sub-THz bands, and to validate the Directive Scattering theory.

For the channel characteristics, many efforts on large-
scale channel characteristics, i.e., pathloss and shadowing
measurements, and delay dispersion analysis and modeling
using VNA based sounder or correlation-based sounder at sub-
THz bands in various indoor and outdoor scenarios, such as
140 GHz and 300 GHz bands, were made in [8], [59]–[61],
[70], [103]. Those PL model illustrated a large PL at sub-
THz bands compared to that at the lower frequency bands.
Those models provided basic large-scale characteristics of
the sub-THz channel and made contributions to the future
channel measurements and analysis. In [104] and [121], the
channel measurements in the train scenario were conducted
by the correlation-based channel sounder in [53] and the
large-scale characteristics, K-factor and DS were presented. In
addition, measurement-validated RT simulation methods were
proposed and utilized to simulate train station channel model
and intra-wagon channel model for future B5G system design,
deployment, and evaluation.
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For the directional channel characteristics, a VNA based
double directional channel measurements at sub-THz bands
were conducted in [69]. K-factors, DSs and angular spreads
(ASs) were presented. In addition, a virtual 2 × 2 MIMO
measurementwas conducted in this paper. A measurement-
validated frequency domain RT method was presented and
demonstrated to be well-suited to simulate the sub-THz indoor
channel. Double directional outdoor measurements across the
frequency bands from 141 to 148.5 GHz using VNA based
channel sounder with RoF techniques were conducted in [47].
The results showed large ASs of the angle of arrival (AoA)
and angle of departure (AoD). In [33], VNA based directional
channel measurements at 28 and 140 GHz in a shopping
mall scenario were conducted. The DS and AS of 28 and
140 GHz were found to be similar. After using a cluster-
based algorithm to estimate multipath components (MPCs), the
results illustrated that the number of MPCs is smaller at 140
GHz than that at 28 GHz. Indoor double directional channel
measurements using correlation-based channel sounder at the
frequency bands of 10, 60 GHz and 300 GHz were conducted
in [97]. The results showed that the multipath richness of
the radio channel was frequency-dependent, and the multipath
richness at 300 GHz decreased compared to that of 60 GHz.
For the channel characteristics in dynamic scenarios, the
correlation-based channel sounder is suitable for obtaining the
Doppler shift at sub-THz bands. However, to our knowledge,
no literature has investigated this yet.

Some measurements and analysis of sub-THz MIMO chan-
nel based on VNA were presented in [52], [122]. In [52],
PL, shadowing, DS and Doppler shift of a 4 × 4 MIMO in a
data center scenario were presented. The throughput analysis
of 2 × 2 MIMO across the frequency spectrum from 298 to
313 GHz in comparison with the single-input-single-output
(SISO) channel was presented in [122]. The results showed
that MIMO can significantly increase the throughput from 5.5
Gb/s to 7 Gb/s.

V. A VNA BASED CHANNEL SOUNDING SYSTEM

In this section, a VNA based channel sounder operating
from 220 to 330 GHz is introduced, and the performance of
this sounder are presented and evaluated.

A. Sounder architecture

The type of VNA and the frequency extender used in the
sub-THz channel sounder are Keysight N5227B [123] and VDI
WR3.4 [51], respectively. Fig. 4 (a) and Table IV illustrate
the schematic diagram and configurations of the devices,
respectively. As shown in Fig. 4 (a), at the Tx side, signals
from 12.222 to 18.333 GHz are sent from port 1 resulting in
sub-THz signals from 220 to 330 GHz after passing through
an 18 times multiplier. The signals are divided into two signals
by a coupler, one of which is used to transmit through a horn
antenna with 25 dBi antenna gain and 8 half power beamwidth
(HPBW) [124] and the other is used to generate 100 MHz
reference signals. Note that port 3 sends LO signals from 9.162
to 13.746 GHz. The LO signals are split by a signal splitter and
multiplied to the frequency range from 219.9 to 329.9 GHz
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Fig. 4: The photos of the VNA based channel sounder at sub-
THz bands. (a) The schematic diagram; (b) The photo of the
link budget measurement setup.

TABLE IV: The configuration of the sub-THz sounder.

Parameter Value
VNA type N5227B

Extender type WR3.4
Start frequency (GHz) 220
End frequency (GHz) 330

Frequency point 11001
VNA Transmitted power (dBm) 9

Antenna type Horn
Antenna gain (dBi) 25

HPBW (deg) 8

by 24 times multiplier. At the Rx side, the received signal is
demodulated to 100 MHz, amplified by an LNA and sent to
port 2. The S21 parameter can be obtained from the result of
dividing the 100 MHz received signal by the reference signal.

B. Link budget analysis

Fig. 4 (b) depicts the link budget measurement setup. At
the Tx and the Rx side, 5-meter RF cables were used to
connect the VNA with the extenders. Fig. 5 illustrates the
link budget of the channel sounder at 275 GHz. In order
to ensure that the Tx extender works normally and prevent
damage, the transmitted power from port 1 is 9 dBm. The
gains of the Tx extender and Rx extender are 2.6 and 15.3
dB, respectively. Compared to 8.8 dB RF cable loss (12.22-
18.33 GHz) at the Tx side, thanks to the 100 MHz received
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Fig. 5: The link budget of the VNA based channel sounder at
275 GHz.

signal, the RF cable loss is extremely low at Rx side. The
dynamic range is 106.4 dB at the IF bandwidth of 10 Hz,
which can support for the channel measurements at distances
below 10 meters (cable limitation). The measurement range
can be increased by lengthening the RF cable length at the
Rx side. In our future work, we plan to apply RoF techniques
at the Tx side to achieve long distance measurements and to
apply the phase-compensated method in [62] for the phase
measurements at sub-THz bands.

C. System stability over long measurement time

During the entire measurement period, it is crucial that
the channel sounder is stable. Generally speaking, spatial
domain measurements can span several hours to record chan-
nel response data. To verify the robustness of this system,
a back-to-back measurement in the same scenario as the
link budget scenario in Fig. 4 (b) was conducted within 13
hours with 1-minute interval resulting in 780 snapshots. Other
measurement configurations are the same as those in Table
IV. The amplitude and phase stability of the system response
are illustrated in Fig 6. The amplitude results are displayed
in decibel scale. The power varies from [13.3, 13.4] dB,
[9.9, 10.0] dB, [12.8, 12.9] dB at 220 GHz, 275 GHz, and
330 GHz, respectively, while the phase varies in the range
of [−66.2◦,−58.0◦], [13.5◦, 18.7◦], [−102.9◦,−97.2◦] at 220
GHz, 275 GHz, and 330 GHz, respectively. The power drops
from 17.5 to 6.5 dB in the frequency range of 228-251 GHz
and increases from 7.7 to 12.9 dB in the frequency range
from 267 to 330 GHz, as shown in Fig. 6 (c), possibly due
to the working performance of the frequency mixer at these
bands. Note that the system response is calibrated before the
measurements, thus, it will not affect the measurement results.
Overall, the amplitude and phase of this system were observed
to be stable, as shown in Fig. 6.

D. Calibration investigation

Calibration is also an essential part for channel measure-
ments. Before the channel measurement, a normalization pro-
cedure is usually carried out to deembed the system response
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Fig. 6: The results of the stability measurements. (a) The am-
plitude stability; (b) The phase stability; (c) System response
of the channel sounder in the back-to-back measurements over
a period of 13 hours.
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Fig. 7: The photos of the channel measurement setup. (a) The
photo of the channel measurement setup without absorber;(b)
The photo of the channel measurement setup with absorber.
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Fig. 8: The comparison of the PDPs with and without ab-
sorbers at the distance of 0.4 m.

in the back-to-back measurement shown in Fig.4 (b). The
measurement is to verify the efficiency of absorbers placed
around the antennas. Firstly, a back-to-back measurement and
a normalization procedure were conducted to calibrate the
system response. Then the comparison channel measurements
with and without absorbers at the distance of 0.4 m were
conducted, as shown in Fig. 7. As demonstrated in Fig. 8 of
the comparison of the power delay profiles (PDPs), the use of
the absorbers can significantly eliminate the spurious peaks.
However, some unexpected spurious peaks still appeared in the
red area, possibly due to the non-ideal absorbers for sub-THz
bands.

TABLE V: The configuration of the double directional channel
measurements.

Parameter Value
Frequency range (GHz) 250 − 300

Bandwidth 50
Frequency point 15001

Tx-Rx distance (m) 2.25
Antenna height (m) 0.9

Tx azimuth range (deg) [−90, 90]
Tx rotating step (deg) 6

Rx azimuth range (deg) [−180, 179]
Rx rotating step (deg) 6

Rx

Tx
Rotation 

table VNA

Cabinet Lab instr-

uments

Fig. 9: Picture of the laboratory scenario.

E. Directional measurements and results

1) Scenario description: Double directional measurements
were conducted in a laboratory scenario with rich scatterers,
e.g., cabinet and lab instruments, as shown in Fig. 9. Note that
a back-to-back calibration is performed before the measure-
ments. During these measurements, a double directional mea-
surement scheme is employed with two identical 8◦ HPBW
horn antennas, both for both Tx and Rx sides. The bore-
sight of the Rx is set to rotate in azimuth within the range
of [−180◦, 179◦] in step of 6◦, which results in 60 steps in
azimuth. The Tx antenna is fixed while the Rx is rotated. After
the rotation of the Rx, the Tx is rotated within the range of
[−90◦, 90◦] in step of 6◦. Thus, we can obtain 31×60 = 1860
channel responses in total. Table V illustrates the configuration
in the directional channel measurements.

2) Signal model: In this study, the static CIR can be written
as:

h(τ) =

L∑
`=1

α`δ (τ − τ`) δ (Ω − ΩDoD,`) δ (Ω − ΩDoA,`) ,

(7)

where α`, τ`, ΩDoD,`, and ΩDoA,` represent the complex
attenuation, the delay, the direction-of-departure (DoD) set, the
direction-of-arrival (DoA) set of the `th MPC, respectively. L
denotes the total number of propagation paths.

3) Measurement results: Fig. 10 illustrates the power angu-
lar delay profile (PADP) at the AoD of 0 degree and the power
angle spectrum from the raw measured data. The distance of
the line-of-sight (LoS) path (i.e. 2.25 m), which corresponding
to 7.5 ns in the PADP, as shown in Fig. 10 (a). Besides, weak
reflections from the crossbar and wall are detected in the
opposite direction of the LoS and the delay of 18.5 and 23
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Fig. 10: Double directional measurement results in the lab
scenario. (a) The example PADP at the AoD of 0 degree; (b)
Power angle spectrum.
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Fig. 11: Relation of the main MPCs to the scenario.

ns, respectively. The channel gain demonstrated in Fig. 10 (b)
is calculated as the sum of the power 3-dB above the noise
floor at a specific AoA and AoD. The relationship between
the identified multipath components (MPCs) and the scenario
is depicted in Fig. 11. Comparing Fig. 10 (b) and Fig. 11, the
AoAs and AoDs of the main MPCs are found to be well-
matched with the scenario. Furthermore, the link distances
of the main MPCs in the PDP are also calculated, and it is
observed that they match the scenario well.

VI. SUB-THZ CHALLENGE AND FUTURE WORKS

Although many efforts have been given for the sub-THz
channel sounding techniques, measurements and modeling, we

still face many challenges:

• As shown in the Section III, the current channel sound-
ing techniques have their drawbacks, e.g., the channel
sounder with the SG and SA is only capable for power-
based measurements, the sweep time of the VNA-based
channel sounder is generally long and the sounder is
only suitable for static scenario, the correlation-based
channel sounder has much smaller bandwidth compared
to VNA-based channel sounder and THz-TDS, and the
dynamic range of the THz-TDS is low and the size
of the spectrometer is large. Besides, the measurement
capability at sub-THz bands is still far from what it
was at sub-6 GHz, e.g., Prosound channel sounder [125].
Moreover, reconfigurable intelligent surface (RIS) is a
hot topic in Beyond 5G research. However, the channel
sounders for RIS measurements are still in their infancy
and channel sounders are needed to support RIS research.
To sum up, new technologies need to be applied to
improve the channel sounder.

• There has been no standard sub-THz channel model so
far. Measurements are needed to reach the conclusion
whether the existing channel model at mm-wave bands,
such as 3GPP FR2 models, can be extended to sub-
THz bands. Moreover, the standardized channel model
below 100 GHz generally separates the propagation chan-
nels and antennas. However, antennas with high gain
and narrow beamwidth will be applied for the sub-THz
channel measurements and it is unclear whether it is
necessary to deembed the antenna response and estimate
the propagation parameters.

• Although sub-THz channels have been measured in some
short distance and indoor scenarios, as illustrated in
Table III, channel sounding and modeling for different
frequency bands and different application scenarios, e.g.
large hall and train-to-infrastructure, are not sufficient
now. Besides, the MIMO techniques should be taken into
account and the MIMO channel at sub-THz bands needs
to be studied.

• Simulation-based channel modeling is also crucial for
sub-THz bands since channel measurements are always
costly and subject to uncertainties, and limited to certain
scenarios due to the size and capability of the channel
sounder, e.g., the current size and weight of sub-THz
channel sounder is impractical for unmanned aircraft
vehicle (UAV) channel measurements. RT has become
a popular simulation tool for sub-THz channel modeling,
e.g., in [69], [126]. Channel measurements are required
to obtain the material parameters and to calibrate and
validate the RT simulation. However, most of the ray-
tracing tools currently provide modeling up to GHz
frequencies only [127] and the existing ray-tracing tools
are not sufficient for sub-THz bands. Hence, sub-THz
simulation tools are required to be developed for channel
modeling at sub-THz bands.

• New features at sub-THz bands, e.g., ultrawide band, have
motivated new applications enabled by sub-THz channel
modeling and sensing. Medical and security applications
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based on sub-THz and THz bands have been developed
[128]. However, these sub-THz applications and pro-
ductions face many challenges such as power-efficient
devices and cost-effective integrated circuit [19]. Other
potential applications at sub-THz bands have been dis-
cussed in [3], [19], [96], e.g., centimeter-level positioning
and THz imaging. However, these potential applications
are still under investigation.

So far, design of sub-THz channel sounding techniques and
research on measurements and modeling are still in their
infancy, and further efforts are needed to support the design
and deployment of future sub-THz communication systems.

VII. CONCLUSIONS

This paper has provided a deep look into the requirements,
approaches, reviews and future challenge of channel sounding
techniques at sub-THz bands. This paper first introduced the
recent recommendations and standard activities of countries
and organizations to promote the development of future wire-
less communication systems at sub-THz frequency bands.
The requirements of an ideal sounder and the uniqueness of
the channel sounders at sub-THz bands were described in
this paper. Besides, based on these requirements, the main
types of channel sounding techniques were presented and
compared. The state-of-the-art sub-THz channel sounders and
channel measurements in terms of these sounding techniques
were presented. A VNA-based channel sounder across the
frequency bands from 220 to 330 GHz was then presented,
and the performance of this channel sounder was evalu-
ated. Double directional measurements using this VNA-based
channel sounder from 250 to 300 GHz was conducted, the
measurement results showed that the main MPCs matched
the scenario well. Furthermore, based on the infancy of the
existing sounding techniques, measurements and modeling at
sub-THz bands, the sub-THz challenge and future outlook
were presented.
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