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ABSTRACT As the world warms up to the idea of millimeter wave (mmWave) communication and fifth
generation (5G) mobile networks, realization slowly dawns that the data rate, latency, throughput, and other
performance metrics that are used to assess a new wireless communication technology will not be enough
to support the demands of envisioned futuristic applications. Thus there is an eagerness to further climb
up the frequency ladder to use the large swathes of available spectrum in the 0.1 − 10 THz band which is
expected to act as the key technology enabler to fulfill the requirements of the sixth generation (6G) wireless
communication and possibly even beyond. Channel measurement and modeling are crucial to the design
and deployment of future wireless communication systems and researchers across the globe are putting
their best foot forward to accelerate the process. The current article presents comprehensive assimilation
of research efforts in the context of THz channel sounding. A detailed overview of the current channel
sounding techniques is first introduced followed by their relevance to THz band channel measurement. An in-
house novel channel sounder developed for THz band measurement is also briefly introduced in this context.
The paper next provides elaborate dissemination of various measurement campaigns in the band of interest
followed by the modeling techniques that are available in the literature and are being adopted for the THz
band. Post the description of different challenges and future research directions in the context of sounding,
measurement, and modeling the article is concluded.

INDEX TERMS Terahertz communication, channel sounder, channel measurements and characterization,
channel modeling.

I. INTRODUCTION
With an exponential growth in smart devices and subse-
quently the traffic produced by them, the demand for data rate
has doubled every 18 month [1] and there is no visible sign
of either of them abating. In such a scenario the THz band,
which in this manuscript will be considered as frequencies
between 0.1 − 10 THz looks like a promising candidate
being an upgrade on the shortcomings of the millimeter
wave (mmWave) band in terms of data rate and bridging the
gap with optical frequency range. The current demand for
high-speed data can only be partially met by using mmWave
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frequencies in coherence with further improved modulation
techniques or sophisticated hardware components. But it is
not possible to support the requirements of envisioned appli-
cations such as Tera-Wifi, Tera-Internet of Things, Tera-
backhaul access, ultra-broadband space communications,
nano-networks for molecular communications [2], and simi-
lar futuristic applications demanding data rates to the tune of
hundreds of giga-bits-per-seconds (Gbps) or even tera-bits-
per-seconds (Tbps). Free space optical (FSO) communication
on the other hand can provide the necessary data rate and
even more due to the availability of large swathes of band-
width (BW) in the optical range but is heavily affected by
unpredictable environmental conditions [3], suffers from high
background noise and has limitations in beam tracking [4].
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This calls for a middle-ground approach by using the bridging
frequency range between the two extremes, viz. the THz
frequencies.

In wireless communication, a channel is a medium that
facilitates the propagation of signal between the transmitter
(Tx) and the receiver (Rx) using a band of frequencies under
investigation. The propagation through a channel is majorly
dependent on the channel characteristics and to a lesser extent
on transmission techniques as well as hardware components.
Thus it is imperative to study and analyze the channel prop-
erties at a given frequency so that efficient techniques can be
developed to derive the most out of the spectrum of interest
and the story is no different when it comes to THz band
propagation [5], [6]. The characteristics of a wireless channel
are studied by conducting measurement campaigns in differ-
ent scenarios using a channel-sounding technique where a
known signal transmitted from the Tx after being modified
and corrupted by the propagating medium is received by an
Rx. The received signal is then analyzed to detect the effect of
a channel on the propagating signal, extract various channel
parameters required to characterize the channel, and generate
a model capturing the nature of wave propagation within
reasonable complexity.

Several survey papers have focused on studying mmWave
channels from the perspective of difference with centimeter
wave (cmWave) channels [7], a summary of channel mea-
surements [8], [9], [10], [11], a review of channel propaga-
tion [12], [13], sounders [11], [12], modeling [9], [10], [11],
[13], and future directions [10], [11], [14]. In summary, the
mmWave channel has been extensively studied and its various
aspects have been summarized through several survey papers
as mentioned earlier. But it would be unwise to simply extend
those sounding techniques to study the THz band channels
due to constraints on hardware components being used [15].
In addition, a THz band channel can behave very differently
from mmWave or other lower frequency channels due to
their smaller wavelength which makes the effect of scatter-
ing due to surface roughness and scattering and absorption
by molecule-level tiny particles such as grains of dust or
raindrops, etc. more significant. The small wavelength also
provides an advantage by making the design of a large-scale
antenna array a reality that can significantly improve channel
capacity at the cost of an increase in complexity of modeling
a THz band propagation channel which needs to capture the
non-stationarity in spatial, temporal, and frequency domain
over the array. There is no dearth of surveys on sixth gener-
ation (6G) networks [5], [6], [16], [17], [18] and THz com-
munications [19], [20], [21] but those papers mostly delve
into system innovations [16], [17], [18], applications suited
to the THz band [16], [17], signal processing techniques [22],
beamforming [23], imaging [24] and localization [25] in
the said band. Furthermore, surveys in the band of interest
provide insights on a plethora of topics such as channel
modeling and characterization [5], [26], [27], security [19],
hardware and system innovation [19], [20], [21], different
available simulators [27], their unique requirements [28],

TABLE 1. Summary of relevant surveys.

standardization activities [26], [29] and research issues and
future challenges [16], [27], [28] to least a few. However,
a comprehensive overview of all aspects of any wireless
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FIGURE 1. Organization of the paper.

network in a single article is practically impossible, and more
so for THz band networks which with their unique set of
attributes is still majorly unexplored.

In cognizance of the prior observation, the current work
focuses solely on reviewing the state-of-the-art channel
sounding techniques, measurement, and modeling for THz
communication channels. Such a concentrated approach
helps in presenting an exhaustive overview and analysis of the
said topics. In addition, a novel and simple channel sounder
developed in-house, distinguished by its unique sounding
technique never before reported in the context of THz com-
munication is briefly presented in subsection II-D. The main
contribution of the article can be listed as follows

• A detailed overview of four major channel sounding
techniques available in the literature and their suitability
for studying the distinctive THz band channel. A novel
in-house channel sounder is also briefly presented.

• An elaborate survey on the various measurement cam-
paigns conducted in the spectrum of interest and their
subsequent conclusion from such campaigns. The gaps
in such campaigns are also identified.

• A comprehensive dissemination of the available chan-
nel modeling techniques and their usage in modeling
THz band channels. The assessment of their ease of
implementation and appropriateness for characterizing
the THz band channels is also undertaken.

• An extensive summary of existing challenges and pos-
sible future scope to overcome them in the context
of the THz band channel sounding, measurement, and
modeling.

The organization of the paper is summarised as shown
in Fig. 1. After a comprehensive introduction in section I

FIGURE 2. Types of Channel Sounder available for THz measurements.

setting the context of the paper and highlighting its main
contributions, section II provides a detailed overview of the
different sounders that are being used for THz band channel
sounding along with a comparison of their salient features.
An elaboration of the different measurement campaigns con-
ducted using the various sounders described in section II is
presented next in section III along with a summary of their
outcomes. Section IV then deals with the different channel
modeling techniques available and identifies the used cases
where they have been applied for characterizing a THz band
channel. The THz band with its uniqueness and peculiarity
provides various challenges which are identified and encap-
sulated in the context of channel sounding, measurement, and
modeling in section V. Furthermore, the gaps in each domain
are identified to highlight the future scope of research. The
article is finally concluded in section VI.

II. THZ BAND CHANNEL SOUNDERS
A channel-sounding technique essentially involves the trans-
mission of a known signal from the Tx through an unknown
channel and its reception at the Rx after being corrupted
by the channel. The unknown channel is then characterized
based on the knowledge of the transmitted and received signal
from different perspectives [30]. The channel sounders can
be broadly classified as time domain and frequency domain.
The time-domain channel sounders for the band of interest
are either built using the Time Domain Correlation (TDC)
method or the Time Domain Spectroscopy (TDS) method.
The frequency-domain sounders on the other hand are mainly
developed using a Vector Network Analyzer (VNA). Another
frequency-domain channel sounder comprising a combina-
tion of a signal generator and a signal analyzer (SGSA) was
earlier thought to be suited for the narrowband (NB) channel
measurement [31], [32] but is also currently adopted for THz
measurements [33], [34], [35], [36]. A flow diagram of the
classification of the sounders available for THz measure-
ments is shown in Fig. 2.

THz band channel sounders should have the capacity to
conduct measurements over large swathes of the available
BW and should be able to integrate the usage of high gain
and directive antennas to compensate for high isotropic path
loss and to obtain spatial domain channel characteristics. For
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angle or spatial domain channel acquisition which are dual of
one another, we primarily depend on the following techniques

• Full Array [37] which consists of an array of transmit-
ting and receiving antennas that can operate simultane-
ously. Themethod is very fast but expensive and requires
complicated calibration due to the requirement of an
individual radio frequency (RF) chain for each element
in the array.

• Multiplexed Array [11] where an array of antennas at
the Tx and Rx are controlled by a single RF chain at
each end. This method eradicates the shortcomings of
the previous method at the expense of an increase in the
measurement time.

• Virtual Array [38] which comprises of single antenna
element at the Tx and Rx. A virtual array is cre-
ated by physically displacing the individual elements to
obtain space domain channel characteristics. The chan-
nel is assumed static during measurement using this
technique.

• Directional Angle Scanning [39] in which single anten-
nas at both Tx and Rx can mechanically rotate to obtain
the angular channel response for different values of
azimuth and elevation. It is not as fast as the full array
configuration but also does not suffer from any phase
drift that might arise in the case of virtual array. The
channel is assumed static during measurement and is
thus unsuited for dynamic channel measurement.

Each of the channel sounders comes with its fair share of
benefits and disadvantages based on the available BW,mobil-
ity in the measurement environment, the distance between the
Tx and Rx, and the complexity of the sounder. In this section,
we elaborate on different channel sounders that are expected
to best suit the requirements of THz channel measurement
followed by a discussion of their comparative strengths and
weaknesses.

A. CHANNEL SOUNDER BASED ON TDC METHOD
A time domain channel measurement holds an advantage
due to the fact that the channel impulse response can
be directly obtained from the measurements. In that, the
correlation-based channel sounder is the preferred choice due
to its ease of implementation [40], [41] compared to the other
alternative. The sounder is based on the idea of sending a
signal from the transmitter end whose auto-correlation is a
close approximation of the Dirac delta function [42]. So if
a signal s(τ ) is transmitted through a channel with impulse
response h(t, τ ) then the received signal y(t ′, τ ) at a particular
instant of time t ′ can be obtained as

y(t ′, τ ) = s(τ ) ∗ h(t ′, τ ) (1)

where ‘*’ indicates the convolution of the arguments
and τ represents the delay. On further calculating the
cross-correlation of the received signal with the conjugate
of the transmitted signal we can easily obtain the channel

FIGURE 3. Correlation-based channel sounder.

impulse response as follows

y(t ′, τ ) ∗ s∗(τ ) = h(t ′, τ ) ∗ s(τ ) ∗ s∗(τ )

= h(t ′, τ ) ∗Rss(τ ) (2)

≈ h(t ′, τ ) (3)

where Rss(τ ) in equation (2) represents the auto-correlation
of the transmitted signal s(τ ) whereas equation (3) follows
from the fact that Rss(τ ) ≈ δ(τ ). As can be observed from
Fig. 3 if the modules are not co-located then synchronization
between the Tx and Rx module constrains the separation
between the modules and their mobility. Thus to overcome
any limitations due to synchronization highly stable Rubid-
ium (Rb) clocks are used at the Tx and Rx followed by several
hours of a back-to-back (B2B) calibration [43], [44].

In a typical correlation-based sounder a pseudo-random
binary sequence (PRBS) also known as a pseudo-noise
(PN) is normally used as the transmit signal in which the
maximal-length sequence is particularly popular [45]. The
binary sequence is passed to a Tx Extender which also
receives the signal from the local oscillator (LO) as its
other input as shown in Fig. 3. The Tx Extender comprises
frequency multipliers, a harmonic mixer, a bandpass filter
(BPF), and a power amplifier. The received signal first passes
through an Rx Extender which has similar components as its
transmitter counterpart to convert the signal to baseband or
intermediate frequency (IF) band as the case may be. A PN
sequence identical to the one used at the transmitter is used as
one of the inputs to the correlator while the output of the Rx
Extender serves as the other input. The output of the correla-
tor is passed to a computer via an analog-to-digital converter
(ADC) for further processing of the obtained data. This par-
ticular setup works quite well for narrowband measurements
but for wideband measurements like in the THz band, there
is a potential problem. As per Nyquist’s Sampling Theorem
for properly digitizing the received signal the sampling rate
should be at least twice the signaling rate. Due to the wide
available BW in the THz band, the signaling rate increases,
leading to the requirement of high-speed ADCs, entailing
more cost and complexity [45]. The solution to the problem
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above lies in slightly modifying the receiver in Fig. 3 by
adding a low pass filter (LPF) at the output of the correlator or
input of the ADC. The PN sequence at the modified receiver
uses a chip rate f ′

chip which is less than the chip rate fchip of the
transmitted sequence. Such an approach leads to the imple-
mentation of what is known as a sliding correlation channel
sounder where there is a trade-off between the measurement
duration and sampling rate [31] and was first introduced in
the context of cellular measurement in [46]. Mathematically
speaking the channel impulse response gets expanded by a
sliding factor γ =

fchip
(fchip−f ′

chip)
which creates a dual effect of

reducing the sampling rate and improving the signal to noise
ratio (SNR). The Tx of the sliding correlation-based sounders
resembles that of the normal correlation-based sounders as
shown in Fig. 3. At the Rx, the slower version of the same PN
sequence as the Tx is passed as input to the correlator which
uses the demodulated received signal as the other input. The
output of the correlator is then passed through the chain of
low pass filter (LPF) and ADC before being given as input to
a data processing unit like a computer.

B. CHANNEL SOUNDER BASED ON THZ TDS METHOD
The other time domain channel sounder using laser pulses
enjoys the advantage of possessing huge scalable BW [47]
and extremely high speed of channel acquisition [27]. In this
sounder, very short-duration pulses having a period greater
than the maximum excess delay of the channel is used for
transmission. The measured channel impulse response at a
particular channel instant t0 is obtained as

hmeas(t0, τ ) = x(τ ) ∗ h(t0, τ ) (4)

where x(τ ) represents the short laser pulse whereas h(t0, τ )
represents the actual channel impulse response (CIR). Now
as the optical pulse has a much shorter duration compared
to the THz pulse, x(τ ) can be approximated by a Dirac delta
function and hmeas(t0, τ ) as h(t0, τ ). A more detailed deriva-
tion of the general transfer function can be found in [48].
The sounder however suffers due to its massive setup and low
output power which limits the measurement distance where
the second problem is partially alleviated by the usage of a
proper lens at both the Tx and Rx. Due to its prior mentioned
limitations, this kind of sounder is more suited for the study of
reflection, diffraction, and scattering characteristics of mate-
rials in the THz band [49], [50], [51], [52].

The architecture of a TDS-based channel sounder con-
sists of a femtosecond laser, a beam splitter, a THz emitter,
a mechanical delay line, and a THz receiver/detector [48]
as shown in Fig. 4. The femtosecond laser generates the
short-duration laser pulse which is given as input to the
beam splitter. As the name suggests it splits the input beam
into two portions one of which is fed as input to the THz
transmitter which has the DC bias as its other input. The DC
bias facilitates the separation of the optical pulse from the
THz one before it is transmitted. The other portion of the
split beam is given as input to the THz receiver/detector after

FIGURE 4. Architecture of THz-TDS channel sounder.

passing through the delay line which helps in the detection
of the received THz signal. The detection is dependent on the
precise simultaneous arrival of the optical beam and the THz
signal at the detector. The computer-controlled mechanical
delay line is scanned for its entire path length to obtain the
precise temporal delay. The detected signal is further passed
through an amplifier before being set as an input to the data
processing unit.

C. CHANNEL SOUNDER USING VNA
The frequency response of a channel under test (CUT) can be
easily obtained by evaluating the ratio of the signal received
at the Rx after passing through the channel to the signal
transmitted from the Tx. In the case of VNA, it measures the
complex scattering parameter (S-parameters) of the device
under test (DUT) where if the DUT is a wireless channel
then S21 resembles the channel transfer function (CTF) [42].
As the excitation signal sweeps through the band of frequency
of interest the CTF is obtained which can be expressed as [28]

S21(f ) = HsysTx (f )HantTx (f )H (f )HantRx (f )HsysRx (f ) (5)

whereHsysTx (f ),HantTx (f ),H (f ),HantRx (f ), andHsysRx (f ) rep-
resent the Tx system response, the transmit antenna response,
the channel response, the receive antenna response and the
receiver system response respectively. After suitable calibra-
tion, the system responses and the antenna responses can be
compensated to obtain the channel response. Once the chan-
nel frequency response is obtained a simple inverse Fourier
transform (IFT) produces the CIR.

Due to ease of design, ability to cover large BWs, and
simple calibration technique VNA finds wide acceptance
among researchers as the choice of instrument to be used for
building a channel sounder. However, it is not without its fair
share of disadvantages [27] such as (1) low output power,
(2) high noise figure, and (3) generally slow sweeping oper-
ation. In the context of THz channel sounding the first two
problems can be addressed by the usage of proper ampli-
fiers but the third problem is starker since THz channels are
known for their channel variation. The consequence of such
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FIGURE 5. Architecture of a VNA-based channel sounder.

limitations means that VNA-based sounders are not suitable
for highly dynamic measurement sites.

The schematic diagram of a THz band channel sounder
built using a VNA is shown in Fig. 5. The maximum
frequency range that a commercial VNA can cover is
110 GHz [53] which is not sufficient to conduct measure-
ments across the THz band. Hence, typically a frequency
extender is added at the Tx and Rx side to up-convert and
down-convert the signals to the desired frequency range.
The frequency extenders can be a commercial one [54] or
an assembled combination of power amplifiers, harmonic
mixers, and BPFs on the transmit side and a combination of
a similar mixer and LNA on the reception end. The signal
produced from port 3 as shown in Fig. 5 is split and serves
as the LO signal for both the Tx and Rx. In the case where a
4 port VNA is not available, an external frequency synthesizer
can be used to provide the LO signal where port 1 of the
VNA produces the transmit IF signal and port 2 receive
the IF signal after down-conversion. As signal processing
at both ends is stationed inside the same instrument, the
measurement distance is majorly limited by the cable loss
of the co-axial cables connecting the ports to the Tx and Rx
modules. A recent solution in [55] using radio frequency over
fiber (RFoF) to replace the coaxial cable link connecting the
LO signal to the frequency extender on the Rx side showed
improved results for increased Tx-Rx separation upto 100 m.

D. CHANNEL SOUNDER USING SGSA
Although this frequency domain channel sounder is deemed
more suited for narrowband channel measurements it has
been successfully used in several measurement campaigns
for the THz band [33], [35], [36], [56]. The sounder known
for its simplicity and ease of setup does require an extensive
amplifier and multiplier chain (AMC) and filter(s) to transmit
signals in the THz band. Such an elaborate setup can lead to
erroneous measurement results in the absence of proper cali-
bration to compensate for the effect of system responses. The
effect is more prominent in comparison to other sounders.
The CTF after proper calibration at a particular frequency is

FIGURE 6. Architecture of a channel sounder using a combination of
signal generator and spectrum analyzer.

given by

H (f ) =
Y (f )

Ycalib(f )
.

GAtt

GTantGRant

(6)

where Y (f ) and Ycalib(f ) represent the frequency domain
response of the received signal during measurement and
calibration respectively. GAtt represents the attenuation of
the attenuator for B2B calibration or free space path loss at
reference distance for over-the-air (OTA) calibration. GTant
and GRant represents the respective gains of the transmit
and receive antennas. Even though long-range measurement
capability is counted as one of its advantages such mea-
surements would require complete separation of the Tx and
Rx module. The segregation comes at the expense of addi-
tional equipment and costs to replace all cable-based syn-
chronization either between the LOs or between the signal
generator and spectrum analyzer. Global positioning system
(GPS)-assisted synchronized Rb clock [57] or high precision
Synchronomat based on Rb clocks [58] is used for synchro-
nizing the LOs at the two ends. In addition, high-precision
LO consisting of phase-locked dielectric resonator oscillators
can be used in place of the internal clocks of the standard
LOs [11]. The internal trigger pulses of the signal generator
(SG) and the spectrum analyzer (SA) are synchronized using
a direct cable connection during calibration but separated
during actual measurement [57]. However, during long mea-
surements, the Rb clocks or the trigger pulses of the SG
and SA might fall out of sync and hence the synchroniza-
tion procedures have to be repeated. While replacing the Rb
clocks with themore expensive Cesium clocks having smaller
trigger offset rates resolves the synchronization issue of the
clocks, using carefully designed data frames with inherent
synchronization addresses the issue with trigger pulses.

In order to transmit in the THz band, a pair of extenders
are used in both the transmit as well as the receive module as
shown in a typical architecture of the sounder in Fig. 6. Wide-
band unmodulated multitone signals with constant envelope
such as Newman phase multitone (NPM) [11] or multi-carrier
orthogonal frequency division multiplexing (OFDM) wave-
forms are usually used as sounding signals by the SG
[33], [36]. The signals from the SG and the LO are com-
bined inside the Tx extender which also comprises a chain
of frequency multipliers, one or more amplifiers, filter(s),
and a mixer not necessarily in the same order to transport
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TABLE 2. Comparison of channel sounders.

FIGURE 7. Architecture of the novel in-house channel sounder.

the baseband signal to the THz band. As in the case of other
THz band sounders, directional antennas are used to compen-
sate for colossal propagation loss. The received signal at the
receiver is first passed through an Rx extender comprising
components similar to its transmit counterpart but in reverse
order to get back the baseband signal which is then captured
by the spectrum analyzer. The output from the spectrum ana-
lyzer is further processed using a personal computer (PC) to
obtain the transfer function and subsequently, IFT of the same
gives the CIR. In a variation of this architecture, the spectrum
analyzer is often replaced by a digital storage oscilloscope
(DSO) [35], [59] or digitizer [34].

A novel in-house channel sounder developed for THz band
channel measurement using the same principle but with slight
modification is shown in Fig. 7. The modification stems from
the fact that usage of extensive AMC causes additional noise

which can significantly affect the dynamic range (DR) of the
sounder. As can be seen in Fig. 7, the Tx side comprises a LO,
an arbitrary waveform generator (AWG) acting as an SG, and
an up-converter. The output of the up-converter after passing
through a chain of a BPF and an amplifier is transmitted
using a directive horn antenna. The Rx side on the other
hand comprises a similar horn antenna as on the Tx side,
a down-converter that complements the up-converter on the
other side, an LNA, and a digitizer that houses a 10-bit ADC.
The usage of a digitizer with a 10-bit ADC as against an 8-bit
traditional DSO with comparable other features significantly
improves the dynamic range. In addition, the digitizer is less
expensive than a DSO with similar BW specifications further
reducing the cost of building the sounder. For long-distance
measurement campaigns, the distance limiting cable connec-
tions (blue and green cords in Fig. 2) can be replaced by
techniques in [57]. Amore detailed description of the sounder
can be found in [34].

E. COMPARISON AND DISCUSSION
Calibration forms an integral part of any channel measure-
ment campaign. Even before the start of the actual mea-
surement campaign, a normalization procedure is usually
carried out to remove the unwanted effects of the system on
the measurement results [60]. The CTF is usually given as
H (f ) =

Hmeas(f )
Hcalib(f )

where Hcalib(f ) is the CTF obtained using

standard calibration procedures of OTA or B2B and Hmeas(f )
is the original measured response. This measured response
can be obtained by using any of the above sounders intro-
duced earlier in the section. However, each sounder comes
with its own set of pros and cons which is summarized in
Table 2.
The frequency domain response of the CUT can be

obtained either with a VNA or a combination of a signal
generator and spectrum analyzer (SGSA). The former has the
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advantage of implicit synchronization, high time resolution,
and simple setup with a single major instrument however it
suffers from slow frequency domain acquisition, limitedmea-
surement distance, and increased loss due to heavy usage of
cables which can be mitigated to some extent by RFoF [55].
The SGSA combination, on the other hand, does not suffer
from limitations in measurement distance since the Tx and
Rx module can be completely separated at the cost of addi-
tional equipment and elaborate synchronization procedure or
slower channel acquisition since all the frequency samples are
simultaneously transmitted as opposed to sequential sweep-
ing in VNA-based sounding. The measurement BW however
is often bounded either by the BW of the sounding signal
or the capability of the SG. Furthermore, due to hardware
imperfection and noise contribution by different equipment
in the elaborate setup coupled with the low power output
from an SG, the dynamic range of the sounder is quite mod-
erate compared to VNA-based sounders as evidenced from
Table 5 and 6 respectively. As is presented earlier in the sec-
tion the time domain measurement of a channel also entails
two different procedures with their share of advantages and
disadvantages. The correlation-based sounders have a higher
dynamic range and can support long-distance measurement
campaigns and scalable antenna configuration but suffer from
complex synchronization for long-distance measurement and
often has a complex design which entails higher cost. The
laser pulse-based sounders, on the other hand, provide a low
dynamic range, are suited for small measurement distances
due to limited pulse power, and have a very large setup. Very
largemeasuringBWand easy synchronization can be counted
as some of its advantages.

A hybrid approach accounting for the advantages of both
methods and neutralizing their disadvantages would be the
ideal way forward. In [61] an integration of wideband cor-
relator mode and real-time spread spectrum mode supported
long-distance measurement when operating in the former
mode enabling extraction of angular and delay spread while
short-range measurements captured the dynamic behaviors
such as Doppler and rapid fading characterization when oper-
ated in the later mode [62]. In [63] an electro-optic sampling
(EOS) method which is a specialized type of TDS and shares
a similar application space was proposed as a new measure-
ment strategy. A comparison in measurement strategy using
different materials (petroleum jelly or a mixture of petroleum
jelly and carbon powder) to fill the hollowwaveguide in VNA
and a transmission cell in TDS produced a satisfactory agree-
ment in results [64] leading to further evidence of possible
interoperability between the methods.

III. A REVIEW OF CHANNEL MEASUREMENTS AND
CHARACTERIZATION
In the previous section, we elaborated on the various channel
sounders that might be suited to drive measurement cam-
paigns in the THz band. In the current section, we take a deep
dive into the available literature to explore the application
of the sounding techniques for THz channel measurements.

In addition, the measurement results, analysis, and conclu-
sions obtained from such implementations are also presented.
The rest of the section is organized as describing the THz
channel measurements using the TDC, TDS, VNA-based,
and other frequency domain sounding approaches (identified
as SGSA-based in the current manuscript) followed by a
discussion on the measurement results described.

A. MEASUREMENT USING TDC-BASED SOUNDERS
The TDC-based sounder has been extensively used to not
only conduct campaigns in the indoor environment but also
in interesting outdoor scenarios. In this section, we first sum-
marize the measurement campaigns conducted by different
groups across the world in various indoor layouts.

A hybrid channel sounder comprising of correlation mode
and real-time spread spectrum mode was introduced in [62].
The sounder supports the measurement of absolute propaga-
tion delay and identification of multipath components with a
delay resolution of 2 ns in either of themodes. The correlation
mode specifically supports the measurement of long-distance
parameters such as delay spread and angular spread for prop-
agation path loss of up to 185 dB. The spread spectrum mode
on the other hand was more suited to the measurement of
short-range, small-scale temporal parameters, and Doppler
with a dynamic range of 40 dB for human blockage. In [61],
the authors conducted a measurement campaign in an indoor
scenario across the various thicknesses of glass and drywall
material at 140 GHz to investigate and compare the pene-
tration loss of the same materials at 28 and 73 GHz. The
authors concluded from the study that the penetration loss
due to garments and other regular materials might not be
insignificant for the THz band as opposed to what is consid-
ered in the mmWave band. In [65] the reflection, scattering,
and large-scale path loss were measured and modeled for the
same materials (drywall and glass) and frequency bands (28,
73, and 140 GHz) as the previous work in the [61]. Some
interesting revelations from the measurements were - a linear
increase in reflection coefficient with an increase in incident
angle for all the frequency bands of interest and a lower
reflection loss with an increase in frequency for a fixed angle
of incidence. The scattered power however was observed to
be much lower compared to the reflected power for all bands
and angles under test for smooth surfaces. The path loss
exponents and shadow fading parameters were observed to
be similar across the three frequencies.

The scattering power reradiated from different materi-
als with varying surface roughness was further investigated
in [66] using popular scattering models such as Directive
Scattering (DS) [67] and Radar Cross Section (RCS) [68].
The study concluded that knowledge of scattering effects
was critical in the accurate development of the channel mod-
els for both microwave and THz bands. The reflection and
penetration loss in vehicular communications at 300 GHz
was investigated in [69] using the correlation-based sounder
developed in [70]. The reflection losses from the front, side,
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and rear of a regular vehicle were reported from the measure-
ments in addition to the penetration losses from the propaga-
tion of a signal through, under, and above the vehicle. The
effect of heterogeneity of a vehicle body on both the losses
was revealed from the study and the trajectory of the signal
seemed to have a profound effect on the magnitude of the
loss, an observation which was also noted for regular building
materials in [65]. A further extensive measurement campaign
characterizing the impulse response, the path loss, and other
spatiotemporal parameters at 300GHz for a vehicular channel
was conducted in [71]. The consequence of reflection and
penetration loss for various representative single-lane and
multi-lane scenarios were identified and reported as follows

• A regular vehicle body can serve as a strong blocker.
• For through the vehicle propagation height of the inci-
dent signal assumes significant importance.

• For under the vehicle propagation both separation
between the transmitting and receiving vehicle and the
height of their respective antennas is crucial.

• Significant reflection loss occurs from the side of the
vehicle compared to its rear or front.

A 3-D spatial statistical channel model was developed
based on extensive measurements at 28 and 140 GHz in
an indoor office environment in [72]. Omnidirectional and
directional path loss models and other channel parameters
such as the number of clusters, cluster power, and cluster
delays along with an indoor channel simulator were also
reported in the same work. The distribution of clusters was
found to follow a Poisson distributionwhereas the intracluster
distribution of the multipath was observed to follow an expo-
nential distribution. To facilitate sensing and positioning in a
smart factory setting ameasurement campaignwas conducted
in a scatterer-rich factory environment at 142 GHz in [73].
The distance between the transmitter and receiver varied from
6 to 40 cm where the measured power delay profile (PDP),
angular spectrum (AS), and root mean square (RMS) delay
spread confirmed the rich scattering effect due to the presence
of different metal surface in the factory setting. The mea-
surement results in [74] concluded the suitability of wireless
communication at 300 GHz in a data center environment. The
path attenuation, PDP, and power angular spectrum (PAS) for
top-of-rack and intra-rack measurements were evaluated and
were found to be in good agreement with the environment
geometry.

By upgrading the mmWave correlation-based channel
sounder [75] using suitable up and down converters, mea-
surements were conducted at 190 GHz center frequency in
a conference room in [76]. The focus of this campaign was
on the effect of polarization in beamforming applications.
Investigations revealed that an increase in polarization diver-
sity increases spatial diversity and a deterministic modeling
approach for polarization is required to avoid overestimation.
Some other interesting measurement scenarios include inside
a train wagon [77], [78] and from inside to outside of an air-
plane [79]. In [77] the intra-wagon channel was measured at

300 GHz and validated using extensive ray tracing (RT) simu-
lations. The PDP obtained frommeasurement data was found
to be in good agreement with those obtained from RT simula-
tions. The validated 3-D RT simulator was used for extensive
simulated measurements for different deployments of Tx and
Rx. The scenarios for 60 and 300 GHz center frequencies
were differentiated into line-of-sight (LoS), light-non-line-
of-sight (L-NLoS), and deep-NLoS (D-NLoS) depending on
the existence of the once reflected rays. On analysis of the
area ratio, optimum Tx deployment for each of the scenarios
was determined. In addition for 12 different simulated scenar-
ios, the channel was characterized in terms of different param-
eters which when given as input to the quasi-deterministic
radio channel generator (QuaDRiGa) was found to be in
good agreement with the RT results. In a transition between
indoor and outdoor measurement, the Tx in [79] was placed
inside a Boeing 737 while the Rxwas outside. Themotivation
was to measure the attenuation by the window and fuselage
of an aircraft at 300 GHz for different angles of departure
(AOD) and arrival (AOA) using the sounder in [70]. The
results indicated a minimum attenuation of approximately
11 dB by thewindow for perpendicular incidence of the signal
but no specific angular dependency of attenuation could be
identified.

Although it is very challenging to conduct THz band mea-
surement in an outdoor environment due to various reasons,
the rest of the section elaborates on the correlation-based
sounders used for measurement campaigns in various inter-
esting outdoor scenarios. Several measurement campaigns
emulating an Urban Microcell (UMi) at 142 GHz were
reported in [80], [81], [82], [83] using the sounder of [62]
and at 300 GHz in [84] using the sounder in [85]. In [80]
rooftop surrogate satellite and backhaul measurement and
typical terrestrial UMi measurement was conducted for a
Tx-Rx separation of up to 117.4 m. The omnidirectional
and directional path loss model for both LoS and NLoS
scenarios as well as a foliage loss model were extracted
from the measurement data for terrestrial and non-terrestrial
links. The study confirmed the feasibility of using THz links
at 142 GHz for both mobile and fixed communication in
outdoor environments for distances upto 117.4 m. In [82]
the Tx was fixed in the UMi environment whereas the Rx
was moved along a rectangular route of length 102 m where
the separation between consecutive Rx positions was 3 m.
The motivation was to investigate the spatial autocorrelation
properties of shadow fading and delay spread over distance at
142 GHz. The analysis of the measurement data showed the
correlation distance of shadow fading was much shorter for
above 100 GHz links compared to those below it, whereas
the correlation distance of angular and delay spreads were
comparable for both spans of frequencies.

One of the promising applications of THz communication
is precise position tracking. In [81], the authors used the
measurement data to test a map-based position tracking algo-
rithm in an UMi environment. An extended Kalman Filter
(EKF) [86], [87] was used to track the position and velocity
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of user equipment (UE) moving along the same rectangular
path as described in [82]. A mean accuracy of 24.8 cm
at 142 GHz over a total of 34 UE locations in LoS and
NLoS with Tx-Rx separation ranging from 24.3 − 52.8 m
was reported from the measurement data. Channel spatial
statistics such as the number of clusters and cluster power
distribution were extracted from the measurement campaign
in [83] in an UMi environment at 142 GHz conducted across
28 different location pairs of Tx-Rx. The analysis showed
that the number of clusters ranged from one to four in all
the measurement scenarios and that beamforming provided
better spectral efficiency compared to spatial multiplexing
in LoS scenarios. In addition, it was also observed that due
to a limited number of spatial clusters two spatial streams
provided maximum spectral efficiency in NLoS scenarios.
In [84] using the measurement data at 300 GHz channel
impulse response, path gain, delay, and angular spread were
obtained for LoS scenario upto 30mTx-Rx separation as well
as for NLoS scenario. The measurement was conducted for a
total of 6 Tx-Rx locations (3 LoS and 3 NLoS) where the Tx
was fixed and the Rx was moved to 6 different locations and
was programmed to rotate in the azimuth plane in intervals
of 15◦.
Extensive channel measurements were conducted for char-

acterizing train-to-infrastructure (T2I) [88] and train-to-train
(T2T) [89] channels and were validated using an RT sim-
ulator. Such measurement and validation pave the way for
the design and evaluation of THz communication-enabled
smart train systems. In [88] the measurement-validated RT
simulator was further used for additional measurement results
in different realistic measurement setups to characterize the
channel in terms of different channel parameters such as path
loss, shadow fading, and RMS delay spread to name a few.
In the T2T scenario [89] the Rician K-factor and RMS delay
spread were evaluated from the measured data and then the
RT simulator was used to understand the measurement sce-
nario and gain insights on how the moving trains themselves
can influence the channel of interest. Based on the results
in [78], [88], and [89] the channel capacity of communication
channels using various antenna patterns and under different
weather conditions were investigated in [90] for T2I, T2T,
intra-wagon (InW), inside the station (InS) and infrastructure-
to-infrastructure (I2I) scenarios. Such a comprehensive study
provides an insightful understanding of the relevant chan-
nels for designing of smart railway system utilizing THz
links. A summary of different measurement campaigns using
TDC-based sounders is presented in Table 3.

B. MEASUREMENT USING THZ TDS-BASED SOUNDERS
The TDS-based sounder is the preferred choice when it
comes to studying the reflective properties of different mate-
rials [51], [91], scattering caused by objects in a regular envi-
ronment [50], [52], in the development of interference model
for large node density deployment [92] or in investigating the
impact of weather on THz communication [93], [94]. In the

sequel, we will first summarize the measurement results from
indoor scenarios.

In order to appropriately model the propagation environ-
ment to support indoor terahertz pico-cellular communica-
tion, it is important to understand the effect of reflectivity of
regular materials used in a typical indoor environment [51].
In addition to providing the measurement results using a
TDS sounder, the authors in [51] also investigated the impact
of frequency-dependent reflectivity and the incidence angle
of stratified building materials such as double pane win-
dows and white paint on plaster in the frequency range
from 100 to 500 GHz. The same Picometrix T-Ray 2000
TDS sounder was used to further extend the investigation
on frequency-dependent reflectivity of three planar samples
of plaster, pine wood, and glass using the Fresnel equation
in [91]. The frequency of interest was from 100 to 350 GHz
and the results were verified by comparing reflection mea-
surements at selected incidence angles.

Kirchoff scattering theory was used to modify the Fresnel
equation suitably to capture the effect of surface roughness on
reflectivity in [50]. The modified Fresnel equation was vali-
dated by the measurement results conducted for three differ-
ent materials - ingrain wallpaper, and two samples of plaster
of different roughness. An RT simulation further emphasized
the importance of correctly modeling the surface roughness
of materials present in a measurement scenario. In [52] the
applicability of the extended Kirchoff scattering method [95]
to model the surface roughness of regular indoor materials
such as wallpaper and plaster was validated by using angle
and frequency-dependent measurements using the same TDS
sounder. By including the model in an RT simulation, the
coverage map of a typical indoor office scenario was also
presented. Based on the modeling of scattering by commonly
used building materials such as plaster the characteristics
of scattered multipath components like AOA, AOD, time
of arrival (TOA), and phase distributions were investigated
in a small office scenario in [96]. The dependence of this
multipath characteristic on surface roughness was presented.
An overview of such measurements to analyze the effect
of reflection, and scattering on the signal propagation in
indoor scenarios and their corresponding conclusions was
provided in [26]. A stochastic model of interference in a
dense multi-user indoor scenario was presented by consid-
ering the shape of the transmitted signal and experimentally
validated using a novel 20 user interference set up in [92].
The study concluded that the interference distribution in a
low-density network cannot be considered to be Gaussian but
as the density increases such that the number of nodes were
much greater than the ratio of symbol to pulse duration the
distribution approaches the Gaussian shape.

Measurement using a TDS sounder is not only limited
to indoor scenarios. In [93], [94] the impact of weather on
the outdoor THz propagation link had been investigated.
THz links are known to suffer adversely due to atmospheric
weather conditions [19], [97], [98] such as fog [99], [100],
dust [101] or atmospheric turbulence [102]. The effect of rain
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TABLE 3. Comparison of THz band measurements using TDC-based sounders.
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attenuation in the band 0.1 − 1 THz was presented in [93]
in a controlled environment to understand the effect of the
size of raindrops and their intensity on signal propagation.
A rain chamber was used for the purpose where the separation
between the Tx and Rx was kept at 4 m. The power attenua-
tion of the THz pulse due to rain was evaluated using the Mie
scattering theory [103] and was found to be in good agree-
ment with the measurement data. In [94] a further review
of the impact of weather on THz wireless links and channel
impairments caused due to the presence of atmospheric gases
(such as water vapor) [19], [97], [104], airborne particles
(such as fog particles, oil, and rain droplets) [100], [105],
[106], and fluctuation in atmospheric refractive index
[99], [101], [107] was presented. A gist of the measurements
is presented in Table 4.

C. MEASUREMENT USING VNA-BASED SOUNDERS
VNA is the approach of choice when it comes to the design
of channel sounders for THz band channel measurements.
The ease of implementation and low complexity has moti-
vated several research groups worldwide to undertake various
indoor measurement campaigns using the said method.

In [108] the authors conducted a campaign inside a shop-
ping mall at 28 and 140 GHz to study and compare the dif-
ference in their large and small-scale parameters. In addition,
the study confirmed that although the strong multipath com-
ponent (MPCs) structure was similar between the bands, there
were a higher number of clusters and paths per cluster in the
28 GHz compared to 140 GHz for the weakerMPCs. Another
study onMPC extractionwas carried out in [60] for frequency
bands 75 − 110 and 220 − 330 GHz. A similar inference as
in [108] was drawn where there was similarity in dominant
MPCs but the lower frequency band seemed to present addi-
tional weaker MPCs. In [109], measurement campaigns were
conducted for three different frequency bands: 125 − 155,
235 − 265, 270 − 300 GHz in two different laboratories
of dimensions 12.9 × 7.15 × 4 m3 and 9.7 × 4.73 ×

4 m3 respectively for MPC detection, along with clustering of
the detected MPCs. In addition, path loss, and delay spread
models were reported in this work. Characterization of path
loss, delay spread, MPC detection, and clustering was also
reported for a D-band channel in a laboratory environment
(with usual scatterers), conference room, and ordinary office
in [110]. In addition, the inter and intra-cluster models were
also reported in this work. In an extension to the study
in [108], measurements were conducted in another indoor
hotspot (InH), the airport check-in hall [111]. The large-scale
omnidirectional parameters from the measurement data were
found to be in good agreement with those of the Third Gen-
eration Partnership Project (3GPP) for New Radio (NR).

Several measurements were carried out by the group at
Georgia Tech. [112], [113], [114] across different frequency
bands to study the various characteristics of the channel
across frequencies ranging from 30 to 300 GHz in different
indoor scenarios. In [113], the different path loss models

were compared with the measurement results at 30, 140,
and 300 GHz conducted in a laboratory environment. It was
concluded, that in the absence of measurement error, all
the models produced comparable results, however, multi-
frequency models were found to be inherently more sta-
ble compared to the single-frequency models. A similar
observation was made in [115] where the single band and
multiple band path loss characteristics were modeled for
both 140 GHz and 220 GHz in a meeting room environ-
ment. The measurement campaign in [112] conducted at the
D - band investigated the LoS, the reflected NLoS (R-NLoS)
with different reflecting objects, and the obstructed LoS
(O-LoS) channels with cylindrical obstacles in the same lab
environment as in [113]. A single slope path loss model
with shadowing was devised for the O-LoS measurement
and multipath propagation analysis. Significant reflections
from Tx and Rx systems were observed in the case of LoS
and O-LoS measurements whereas in the case of R-NLoS
glass and ceramic reflectors led to surface-reflected rays. The
different statistical characteristics such as path loss, RMS
delay spread, the mean excess delay, the maximum excess
delay, and the coherence BW of a desktop THz channel
at 300 to 320 GHz were evaluated from the measurement
campaign in [114] for both LoS and NLoS. It was observed
that metal reflectors produce multiple significant reflecting
paths adding to the propagation loss.

Path loss model with shadowing and the effect of different
reflecting materials in LoS and NLoS scenarios in a desktop
environment were also investigated for the frequency bands:
300−319, 340−359, and 380−399GHz in [116]. The authors
further derived different fundamental parameters that can be
used for applications in both macro and micro-scale Internet
of Things (IoT). Another study [117] that explored the effect
of different reflecting objects to signal propagation was con-
ducted at 300 GHz in a typical desktop scenario. The study
further extended the measurement to a small office scenario
where the focus was on the identification and characterization
of LoS and NLoS paths upto two reflections.

A study of the LoS and R-NLoS paths was carried out
in [118] for the 60 GHz wide band between 240 − 300 GHz
to differentiate between the reflections caused by the envi-
ronment and the setup geometry from the obtained PDP.
Other channel parameters such as mean excess delay, RMS
delay spread, and coherence BW were also evaluated from
the measurement results. The different channel parameters
such as path loss, power-delay-angular profiles (PDAP), tem-
poral and spatial features, and correlations among channel
parameters were analyzed and determined for a meeting room
in [119] and an office room in [120]. The band of interest in
both campaigns was 130−143 GHz. A hybrid channel model
was also developed from the meeting room measurement
in [121] which was in good agreement with the measured
data and was found to be an improvement to the existing
geometry-based stochastic channel model (GBSM). Another
office environment measurement was conducted [122] for the
140 − 220 GHz band to characterize the path loss exponent
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TABLE 4. Comparison of THz band measurements using TDS-based sounders.

and the shadowing parameters of the channel. The PDP of
the LoS measurement confirmed the presence of negligible
multipath for the scenario of interest. The measurement data
for the 260 − 400 GHz spectrum on a desktop in [123] were
analyzed to model the path loss and phase delay for different
Tx-Rx separation, angles of arrival, and reflecting objects
along with their capacity limits.

Measurement across a large spectrum of 250 GHz from
500 − 750 GHz was used to calculate the atmospheric
effects on signal propagation in [124]. The CIR for var-
ious Tx-Rx separations was acquired and used to present
the PDP of the channel. A different kind of measurement
campaign investigating the effect of diffraction from objects
like edges, wedges, and cylinders on signal propagation at
60 and 300GHzwas reported in [49]. In addition, the shadow-
ing of rays by human beings was also modeled with the help
of diffraction where theoretical approaches were validated by
measured data.

Due to the inherent complexity involved in measurement
across the THz band, most of the campaigns concentrate
on single Tx and Rx antenna configuration and in com-
mon indoor environments like desktops, offices, laborato-
ries, or conference rooms. However, some literature can be
found where multiple input multiple outputs (MIMO) cam-
paigns were conducted, and also other unique measurement
environments were explored. A 2 × 2 MIMO measurement
implementation with the virtual antenna array technique was
reported in [125] in the frequency range 298 − 313 GHz.
The authors reported an improvement in the reliability of a
7 Gbps MIMO link compared to a 5.55 Gbps single-channel

link. In [126] another 2 × 2 MIMO measurement campaign
in the frequency band 275 − 325 GHz was presented where
the individual rays are resolved based on the AOA and AOD.
An advanced frequency domain RT approach was used to
simulate the indoor office scenario used for the measurement
campaign and was validated using the measurement data.
In contrast to the aforementioned campaigns in a typical
indoor scenario (office, desktop), a 4 × 4 MIMO setup in a
data center scenario was studied in [129] to analyze path loss,
shadowing gain, RMS delay spread, and Doppler shift.

Several propagation scenarios such as LoS, NLoS, O-LoS,
and obstructed NLoS (O-NLoS) were investigated in a data
center setting and the channel characteristics such as path loss
and RMS delay spread were analyzed in [128]. Cluster-based
modeling validated by the measured data at 280 − 320 GHz
was also implemented. The wireless propagation link for
Rack-to-Rack (R2R) andBlade-to-Blade (BTB) in a data cen-
ter for LoS, NLoS, R-NLoS, obstructed R-NLoS (OR-NLoS)
conditions were studied in [130]. A very unique measure-
ment campaign at 300 GHz was conducted on a computer
motherboard in [131]. The measurement results indicated
optimal communications can be achieved on a motherboard
by carefully aligning the antennas with respect to the layout
of the board. A measurement campaign in a lecture room
exploring the LoS scenario with Tx-Rx separation upto 5 m
was reported in [127] for the 300 − 310 GHz spectrum. The
effect of different antenna combinations at Tx and Rx was
investigated and a single slope path loss model was developed
from the measurement data. The effect of different antenna
types was also studied in [117] in addition to the examination
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of interference constellation in accordance with the two-ray
model. An application-specific experimental setup demon-
strating a 20 Gbps KIOSK instant data downloading system
at 300 GHz in an LoS scenario was demonstrated in [132].

As is evident there has been a plethora of campaigns
for different indoor and short-distance scenarios. However,
when it comes to outdoor measurement to the best of our
findings themeasurement campaigns [55], [133], [134], [135]
initiated to characterize the urban environment are the only
results. In [135] the measurement was conducted for max-
imum separation of upto 15 m in the frequency spectrum
of 140 − 141 GHz and analyzed how the channel param-
eters change as the separation increases. For the mid-range
measurement campaign of up to 35 m in the frequency band
145 − 146 GHz, [55], the environment was found to be mul-
tipath rich leading to significant delay and angle dispersion.
It was further observed that the multipath richness was further
enhanced by the usage of metallic covers such as aluminum
foil. A measurement with upto 100 m separation between Tx
andRxwas conducted in the frequency band 141−148.5GHz
in [133]. The results obtained from the campaign showed
the presence of a large number of directions (directions of
arrival and departure) with significant energy once again con-
firming the multipath richness as observed for the mid-range
measurement. Finally, an exhaustive measurement campaign
consisting of 38 Tx-Rx pair locations with separation ranging
from 1−100mwas conducted in [134]. The different channel
parameters such as path loss, shadowing, delay spread, angu-
lar spread, and MPC power distribution were modeled from
the measurement data which pointed toward the feasibility of
communication over tens of meters even in NLoS scenarios.
There is an acute need for similar outdoor measurement
campaigns at similar or different frequency bands of the THz
spectrum to understand the fundamental limitation to signal
propagation in divergent outdoor scenarios. Table 5 presents
a summary of the measurement campaigns conducted using
a VNA-based sounder.

D. MEASUREMENT USING OTHER SOUNDERS
Due to their suitability for narrowband measurements,
SGSA-based sounders have not been extensively used for
measurement campaigns in the THz band. In [33] a measure-
ment campaign was conducted at 350/650 GHz in a typical
indoor scenario of a conference room. The path loss and
reflection losses were characterized from the obtained data as
a function of transmitting and receiving angles. Full azimuth
rotation was performed for both the Tx and Rx in intervals of
3◦. Several spatially resolvable paths could be associated with
the measurement environment. In addition, a propagation
model was developed from the measurement data and the
importance of NLoS paths for reliable communication in the
THz band was confirmed. A similar setup was used in [56]
to analyze the reflection characteristics of common indoor
materials such as fiberboard, plywood, plastic, plasterboard,
and ceramic tile for varying frequency, angle of incidence,

and thickness of the material. The CTF obtained from the
measurement campaign conducted at 340 GHz in a room was
further validated using RT simulation. Measurement cam-
paigns using an SG at the Tx and a DSO at the Rx is also
available in literature [35], [36], [59]. The effect of hardware
non-linearity on the quality of the received signal was inves-
tigated in [35]. The experimental setup illustrated the fre-
quency selective fading of the received signal due to hardware
imperfection. The suitability of OFDM was investigated for
indoor ultra-wideband THz communication and the optimal
parameters of OFDM were extracted to achieve a physical
layer data rate of 42 Gbps. In the age of software-defined
radio, there was a vacuum in the THz band measurement
paradigm in the development of hardware and architecture
utilizing the same until [36], [59]. The testbed provides a plat-
form for conducting experimental research in three different
bands - 120−140 GHz, 210−240 GHz, and 1.00−1.05 THz.
The platform consists of analog front-ends at three different
frequency bands and three different digital signal process-
ing back-ends comprising an offline ultra-broadband signal
processing engine, a real-time software-defined radio plat-
form, and a radio frequency system on chip (RFSoC) based
real-time multi-GHz multichannel digital signal processing
engine. A synopsis of the different measurements using the
said sounder is presented in Table 6.

E. DISCUSSION
As evidenced from Table 3-6 the measurement environments
can be broadly classified as indoor and outdoor. As per the
promising applications envisioned for the THz band, it is
important to characterize the propagating channels in both
environments to provide meaningful insights for real imple-
mentations. It is expected that in the THz band in addition
to the LoS propagation the NLoS links supported by up to
two bounce reflections from common materials are going
to be crucial. This has led to a plethora of investigations of
the impact of common building materials using TDS-based
sounders [50], [51], [52], [91] and VNA-based sounders [49].
THz bands are known to be inherently directive and hence
efforts have been invested to study the attributes of direc-
tional propagation in several studies [61], [72], [73], [76],
[109], [115], [120], [134], [135]. However, such directional
campaigns suffer from extensive time requirements which
often limit the number of measurement points or time and
frequency resolution. To address such challenges and gen-
erate extensive data for a massive number of measurement
points with tunable resolutions, measurement-validated ray
tracing simulators have been developed from different stud-
ies [89], [126]. In addition, due to its highly directive nature,
communication in the THz band is intrinsically secure. Fur-
thermore, the band is expected to support profound applica-
tions in short distances preferably in the LoS environment.
Such a requirement motivated investigation of the chan-
nel across several THz frequency bands in common indoor
spaces such as office rooms [61], [65], [66], [72], [96], [109],
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TABLE 5.AQ:5 Comparison of THz band measurements using VNA-based sounders.
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TABLE 5. (Continued.) Comparison of THz band measurements using VNA-based sounders.
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TABLE 6. Comparison of THz band measurements using SGSA-based sounders.

[115], [117], [119], [120], [121], [122], [126], [136], [137],
desktops [36], [59], [109], [112], [113], [114], [116], [117],
[118], [123], [124], [125], conference rooms [33], [76], [115],
[119], [121], data centers [74], [128], [129], [130], and
in some not-so-common spaces like factory buildings [73],
shopping malls [108], [111], and airport check-in halls [111],
lecture rooms [127], to name a few using different chan-
nel sounders. Some dynamic channel characterization for
UMi [80], [81], [82], [83], [84] and different railway com-
munication channels [88], [89], [90], [138] have also been
investigated using a TDC-based sounder and in an urban
environment using a VNA-based sounder [55], [133], [134],
[135]. The weather is predicted to have a huge influence
on the THz links due to significant molecular absorption
at certain frequencies in the spectrum window of interest
and has been investigated in a controlled environment in
[93], [124].

As can be observed from the summaries in Table 3-6 the
THz channel measurement systems have predominantly been
built in the 140 GHz, 220 GHz, and 300 GHz frequency
bands, based on VNA, TDC, TDS, and other sounders. Even
amongst these bands most of the current THz channel mea-
surements focus on the below-300-GHz band especially in
common scenarios like office rooms, and conference rooms
while extensive channel measurements above 300 GHz are
still missing from the literature. In the outdoor scenario, the
situation is further skewed toward the initial two bands and
there is a dire need for substantial measurement campaigns
in the beyond 300 GHz band to characterize and understand
the channel propagation. Although there have been some
campaigns to study the characteristics of the MIMO channel
across various THz bands there is a need for more extensive
campaigns to gain further insight into the complicacies of

MIMO THz channels. In conclusion, the behavior of THz
band links is heavily scenario and application-dependent.
To cite an instance, the challenges and requirements of
deploying a network with wider coverage differ from that
of a highly mobile network or one that prioritizes high data
speed even if they use the same frequency band. When the
problem has to be assessed across the different THz bands
it becomes even more profound. Thus, to properly assess
the potential and limitations of THz communications across
different bands with large swathes of BW, it is indispensable
to properly characterize the different aspects of the channel,
which can only be obtained through extensive and relevant
measurements.

IV. CHANNEL MODELING IN THZ BAND
A THz channel has disparate properties from the rela-
tively well-studied cmWave [11] and mmWave channels
[139], [140], [141], [142] which makes studying and model-
ing such a channel, a unique proposition. Some of the unique
features of a THz channel that augments the challenge can be
enumerated as

• As opposed to other bands for communication, in the
THz band significant power is present not only in the
LoS path but also in reflected paths (up to double
bounce), scattered and diffracted paths, and hence it
would not be prudent to simply ignore them while
modeling the channel [143]. Furthermore, to obtain an
insightful understanding, the channel needs to be studied
under different spatiotemporal channel conditions [82].

• A comparison of the effect of using a single antenna
with directional scanning to antenna arrays with beam
steering on wave propagation needs fresh investigation
for the THz band. In the said band, double-directional
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channel measurement would be the obvious choice
independent of the antenna structure. However, sig-
nal propagation using a single antenna with directional
scanning has to be studied in a different light from
the antenna array which can either involve a sparse
antenna arraywith physical separation [144] or a densely
packed antenna array in small form-factor giving rise
to UM-MIMO [29]. Both the array structures address
the distance limitation issue but while the former suffers
from a large form factor making it suitable for only
base station-like fixed structures the latter suffers from
increased complexity.

• The various channel parameters such as path loss, angu-
lar and delay spread, and the broadening effects have
to be accurately modeled and parameterized from the
investigations which are affected by multiple factors
such as operating frequency [72], propagation environ-
ment [2], and properties of the materials [61], [66] in the
environment under investigation.

The channel modeling approaches as evidenced in literature
can be broadly classified into -

• Deterministic [145]: It is site-specific and heavily relies
on solving Maxwell’s equation in a given scenario.
Highly accurate results are obtained using this technique
but it is computationally intensive.

• Statistical, or stochastic [146]: It is not exactly
site-specific but describes mostly the type of environ-
ment (such as indoor, outdoor, indoor hotspot, etc.)
and creates the model based on measurement data. The
trade-off in this method compared to the former is in
accuracy to complexity.

• Hybrid [147]: It marries the best of both determinis-
tic and stochastic modeling approaches balancing the
complexity and accuracy while negating most of their
shortcomings.

In recent times, there has been some interest in modeling
channels using the concepts of neural networks [148], [149],
[150], [151], generative adversarial network (GAN)
[152], [153], [154] and generative neural network (GNN)
[155], [156]. However, all the referred works are in mmWave,
and to the best of our knowledge using such an approach
for THz channel, modeling is yet to be explored. In the
rest of the section, we elaborate on the various efforts to
model the THz band channels using the broadly classified
aforementioned techniques. A comparison of the different
modeling approaches in light of complexity, accuracy, and
requirement of resources, information of site geometry, and
materials are summarized in Table 7.

A. DETERMINISTIC MODELING
Deterministic channel models have a physical basis [157] and
require a vivid description of the geometry of the environ-
ment such as terrain profile, location, and characteristics of
reflector/scatterers like buildings, trees, etc for an outdoor
environment or placement of tables, chairs, etc for a common

FIGURE 8. Typical RT modeling for THz band propagation.

indoor environment as well as orientation and deployment
of Tx and Rx [158]. The model is completely dependent on
the site of interest however they do not depend on extensive
measurement data and can provide a very accurate prediction
of signal propagation [157] at the cost of computational com-
plexity. Deterministic modeling in general can be classified
into the RT method [42], [145], [158], [159], [160], [161],
[162], finite difference time domain (FDTD) method
[163], [164], [165], [166], [167], [168] and method of
moment (MoM) [169], [170]. The rest of the subsection
elaborates on the application of the methods in modeling THz
channels.

1) RAY TRACING
Ray Tracing can be used with reasonable precision to predict
the signal propagation in large buildings with numerous walls
between Tx and Rx [157]. An RT model is based on the
concept of approximating Maxwell’s equation for electro-
magnetic wave propagation and geometrical optics. It uses
the theory of geometric optic (GO), the geometric theory of
diffraction (GTD), the uniform theory of diffraction (UTD),
and Kirchoff Theory [171] to account for reflection of the
propagating signal from smooth surface and diffraction from
rectilinear surface [172].

During transmission, a signal encounters several objects in
its propagation path giving rise to reflected, scattered, and
diffracted copies of the LoS component as shown in Fig. 8
which needs to be traced adequately to accurately model the
channel. A smooth surface only produces a reflected compo-
nent whereas rough surfaces give rise to specular reflected
components and non-specular scattered components. The
specular component is dominant in the THz band whereas
the non-specular components contribute significantly with an
increase in frequency to the diffusely scattered power [52].
The classification of a surface as rough or smooth is depen-
dent on the wavelength of the signal that is being propagated.
If the wavelength of the propagating signal is comparable
to or less than the standard deviation of the height of the
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TABLE 7. Comparison of the different modeling approaches.

surface under consideration then the surface is treated as
rough. Since the wavelength of signal in the THz band is
low, common indoor surfaces such as plaster, and wallpaper
appear as rough [50], [142] producing significant scattering
which needs to be accounted for while modeling. On the other
hand, the correlation length of a rough surface is much higher
compared to the wavelength of a THz signal. Hence the
appearance of sharp surface irregularities is minimal and the
effect of diffraction is negligible in RT [126], [145].Multi-ray
propagation due to reflection, diffraction, and scattering are
dependent on the angle, frequency, distance, and polarization
in the THz band. While modified versions of the popular Kir-
choff model [50], [52], [171], DS, and RCS [66] are used to
characterize the interaction loss and model the reflected and
scattered rays validating the measurement results, UTD [173]
and Knife Edged Diffraction (KED) theory [117] are used
to model diffraction in good agreement with measurement
data. The major approaches for effectively implementing RT
modeling are as follows

• Visibility Tree [174]: It generates a multi-layered tree-
like structure as shown in Fig. 9b in order to effectively
capture all the different rays in a propagation environ-
ment. At the outset, a fixed number of iterations Nmax
are fixed to limit the number of maximum reflections
that are acceptable. For the representative scenario as
shown in Fig. 9aNmax is fixed at 2 and hence amaximum
of double bounce propagation is considered. As evident
from Fig. 9b the Tx acts as the root of the tree and each
of the branches in the layered structure represents the
LoS link between the nodes (wedge, wall, Tx, Rx) in
that particular layer. When the Rx is reached the link
ends in a leaf. Once all the originated branches have
concluded in a leaf it is just a matter of retracing each
path from the leaf to the root in order to account for all
the propagating rays in the considered scenario where
the number of leaves represents the total number of paths
identified by the method. The creation of the visibility
tree however can be computationally intense.

• Ray Launching [159], [160], [172], [175], [176]: In
this method, the rays are launched along all possible
angles of azimuth (for 2D) or all possible combinations
of azimuth and elevation angle (for 3D). The paths suffer
a change in direction due to reflection, diffraction, etc,
and are followed till the ray exits a predefined area of
interest or becomes weaker than the assumed threshold,
or reaches the destination. The method is more suited

for the canyon model where the transmitter and receiver
height is much smaller than the surrounding buildings
and in scenarios where several receivers are serviced
by a single Tx as in a cellular environment. However,
diffraction in general and single Tx-Rx location pairs are
time-intensive to model using this approach.

• Image Method [157], [177], [178], [179], [180]: In this
method images of a source at all planes are generated.
The images serve as secondary sources such that if we
consider a total of N planes in a scenario, then after the
first reflection there will beN images of a source,N (N−

1) images after the second reflection, N (N − 1)2 and so
on. The visibility of the image sources at the destination
depends on whether any reflected ray originates from it.
Once a ray has reached the destination the attenuation
associated with all the reflection terms is calculated.
This method is suited for simple environments only.

• Virtual Point Approximation [181], [182]: In the case
of a multi-antenna system, the employment of conven-
tional RT models to characterize each Tx-Rx link can
become unrealistically complex and expensive. To ease
the computational burden in a complex multi-antenna
system the concept of the virtual point was introduced as
shown in Fig. 10. A single RT simulation is performed
between the virtual points and the different parameters
are extracted from it. The extracted parameters in con-
junction with the array characteristics provide the nature
of the channel between each Tx-Rx pair in the array. The
idea is based on the concept that when the virtual point is
located very close to the actual antennas it will see a very
similar set of rays. The mapping process is performed
by extrapolating the endpoints of each ray to the actual
position of the elements after performing a LoS check
and an electromagnetic calculation.

• Point Cloud Ray Tracing [183], [184], [185], [186],
[187]: To improve the accuracy of the RT-based method
laser scanning of the environment can provide point
cloud data of the environment with higher precision. The
data set can then be used for RT simulation with better
precision at the cost of higher processing time. In [111],
[188], [189] point cloud RT has been effectively used to
model THz band channels in both indoor and outdoor
scenarios.

There is no dearth in the usage of the RTmethod for modeling
THz band channels. In [126] the authors used an advanced
frequency domain RT approach to characterize an indoor
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FIGURE 9. Illustration of visibility Tree representation.

FIGURE 10. Virtual point approximation approach.

propagation channel which was validated and calibrated
by the measurement data. A series of campaigns in rela-
tion to smart rail mobility utilized a measurement-validated
and calibrated RT simulator to characterize InW [77], [78],
T2T [89], T2I [88], infrastructure-to-infrastructure (I2I) in
the perspective of railways and inside station [90] scenar-
ios at 300 GHz. In [190] a novel 3D RT algorithm (RTA)
based on the Beckmann-Kirchoff model was used for model-
ing non-specular components of diffused scattering whereas
in [191] it was used to study the impact of diffuse scat-
tering from regular elements in an office environment for
MIMO channels at 300 and 350 GHz. A 3D THz channel
model based on the RT technique was developed that includes
graphene-based reflect antenna array response and 3D mul-
tipath propagation in [192] whereas in [145] a multi-ray
channel model in the THz band was developed using ray trac-
ing technique and the developed channel model was further
analyzed to extract the channel parameters.

2) FINITE DIFFERENCE TIME DOMAIN
Based on GO, UTD, GTD, and similar concepts, RT pro-
duces a comparatively simple solution to radio propagation

in scenarios containing large objects with well-defined sharp
edges. However, most practical scenarios involve structures
with complex material properties. In such situations, it is not
possible to obtain any asymptotic solution but to numerically
solve Maxwell’s equation. FDTD is one such method that
produces a pretty accurate result by taking into consideration
the effect of each object in a given environment.

However, FDTD is not without its fair share of limitations.
The main disadvantage of FDTD is the requirement of vast
swathes of memory to store the solutions at each location and
support extensive calculations to update the solutions at each
time instant. Depending on the area under test such intensive
computation might be overkill in certain regions while in oth-
ers it might not be feasible to support such intense numerical
analysis due to the computational resources required. In order
to address the said problem, a hybrid technique based on a
combination of RT and FDTD was proposed in [165] which
is further elaborated in subsection IV-C.

FDTD had been effectively used for modeling ultra-
wideband indoor propagation by subdividing an 8 GHz wide
channel into 8 sub-channels and then applying FDTD to
characterize the CIR for each of the sub-channels in [168].
A multi-mode FDTD approach that takes into account the
antenna properties had been used in [164] to characterize
an indoor propagation environment. The indoor channel for
a residence was characterized at the 900 MHz Industrial,
Scientific, Medical (ISM) band using reduced FDTD which
is a memory-efficient version of the general FDTD approach.

In the THz domain, the FDTD approach had been mostly
used to study the wave propagation through various forms
of plasma such as unmagnetized plasma slab [193], dusty
plasma [194] and time-varying plasma [195] to name a
few. Investigation of wave propagation through multi-layer
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medium structure using FDTD for THz imaging application
had been conducted in [196]. In [197], the intra-device elec-
tromagnetic wave propagation was studied in THz frequen-
cies using FDTD, and the performance was compared to the
results obtained using RT.

3) METHOD OF MOMENT
As evidenced and explained earlier RTworkswell whenmod-
eling a large environment containing big objects but in sce-
narios with smaller obstacles, reflectors, etc requiring higher
precision and complex analysis the method encounters its
limitation and a better alternative is the MoM. A combination
of the methods can also be used to good effect where either
the accuracy of modeling can be improved [198], [199] or
for using the optimized method based as a trade-off between
accuracy and computational complexity [169], [170]. The
solutions determined by the MoM for objects which are of
a size comparable to the transmitted signal wavelength are
numerically superior compared to other approaches, espe-
cially RT but that comes at a cost of higher computational
time and larger memory space.

In [200], the MoMmethod was used to analyze the electro-
magnetic shielding and scattering properties of 2D materials
composed of metal, dielectric or magnetic material in the
presence of a lossy half space which simulates the effects of
earth ground. The solution of this method was compared to
that obtained using the RT method for evaluating the wave
propagation and penetration properties in an indoor wireless
environment at 150 and 450 MHz in [169]. The transmission
of ultra-high frequency (UHF) signal through a windowed
wall was studied using a combination of solutions to bound
integral and MoM in [170]. A hybrid approach was used as
mentioned earlier in [198] and [199]. In [198] RT was used to
characterize an indoor scenario at 900 MHz by considering
direct, reflected, and transmitted paths, wave polarization,
and antenna pattern. In the event where accuracy constraint
was not met the more complex MoM method was used to
provide a better model. While in [199], the MoM was used to
extract the specular and grating transmission and reflection
coefficient of periodic structures present in the studied indoor
environment. The obtained data were then fed as input to an
RT program to obtain the effect at the receiving antenna and
characterize the propagation environment. The usage ofMoM
for modeling THz channel links has not yet been studied so
far to the best of our knowledge.

B. STATISTICAL MODELING
Although deterministic models are known to provide accurate
models of the given scenario, they are extremely site-specific
and computationally complex. They often require huge vol-
umes of memory space to update information. In contrast
statistical model although at times bear similarity to deter-
ministic models are not site-specific but are rather specific
to the type of environment (rural, urban, microcell, etc),
does not require detailed geometry of the environment being

modeled, and are computationally tractable. Due to these
prior advantages, statistical modeling is favored since it facil-
itates fast-channel model construction. Statistical modeling
can be classified either on the basis of information available
for modeling or on the basis of information that is obtained
as a result of the modeling. The former classifies statistical
modeling as GBSM and nongeometrical stochastic channel
model (NGSM) while the latter classifies it as an analytical
and physical model.

Due to large swathes of BWavailable at THz frequency any
developed channel model needs to account for the possibility
of having several resolvable MPCs and cannot be modeled
by using Rayleigh or Rician fading as is done for lower fre-
quencies. In that respect, THz band channels can be loosely
compared to ultrawideband (UWB) channels where various
propagation parameters are frequency or distance-dependent,
or both. In addition, delay and angular dispersion have a
significant impact on the propagating wave and narrowband
path loss models are no longer valid [201]. Similar modifi-
cations and even more need to be done for modeling a THz
propagation channel. A statistical impulse response model
needs to be developed for the THz band where the multi-
path parameters are defined by statistical distributions [143].
In this regard, a novel stochastic 300 GHz indoor channel
model is introduced in [146] by combining both time and
frequency domain modeling to account for frequency dis-
persion at the said frequency. In addition, to model MIMO
as well as other novel antenna systems amplitude, phase,
spatial, and temporal channel information are considered for
the modeling process. The generated model is compared with
results obtained from measurement calibrated and validated
RT simulator for an indoor office scenario and is found to be
in good agreement.

1) GBSM VS NGSM
GBSM as the name suggests depends on the geometry of
the site being modeled. Thus it is the statistical modeling
concept that bears similarity with deterministic models which
require detailed geometry of the site being modeled. The
difference between the two however augurs from the fact that
in deterministic the location of the scatterers has to be pre-
cisely defined to get an accurate model whereas in GBSM the
scatterer locations are stochastically obtained as per certain
distributions [202]. The idea of geometry stochastic modeling
was introduced for a mobile radio system in [203], [204],
[205], and a macrocell mobile environment in [206]. Post
the stochastic placement of scatterers the wave propagation
is analyzed by tracking the reflected, diffracted, and scattered
rays like in RT simulations except now only a subset of the
available rays is considered formodeling tomake the problem
tractable. In [203] a configurable statistical channel model
using multi-directive antennas is presented. The developed
model is used to simulate a code division multiple access
(CDMA) channel with multiple directive antennas and joint
detection. The model developed in [206] can provide the
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statistics of the AOA which is crucial to understanding the
effect of a directive antenna at the base station. The model
considers upto single bounce reflected rays and assumes the
placement of the scatterers uniformly on a circle around the
mobile. A similar antenna array at the base station is consid-
ered while modeling the diffuse scattering in the presence of
dense discrete scatterers in [204]. An algebraic power decay
is used for the path loss and the model is compared with
measurement results at 1800MHz to explain the phenomenon
of diffuse background scattering in a rural and urban environ-
ment. A unified mobile channel model is generated in [205]
by using the information on the time evolution of scattering
processes and directions of arrival. At THz band in indoor
scenarios, a reference regular-shaped GBSM (RS-GBSM) is
proposed in [207] as a combination of the two-sphere model
and cylindrical elliptical model by considering LoS, single
bounce, and double bounce components at the receiver. The
von Mises-Fisher (VMF) distribution, used in conjunction
with the azimuth and the elevation angle gives the scatterer
distribution. A non-stationary GBSM for THz communica-
tion systems utilizingUM-MIMO for long traveling distances
and assuming frequency-dependent diffuse scattering is pro-
posed in [208].

In comparison NGSM also known as parametric stochastic
models (PSM) is a purely stochastic process [27] and has
no dependence on the geometry of the type of environment
being modeled. NGSMs are known for their simpler struc-
tures and lower computational burden compared to GBSMs.
However, they suffer while capturing the effects of complex
phenomenons such as frequency, time, and distance depen-
dence of channel parameters as well as channel variation due
to the movement of mobile elements in an environment which
is common in THz band channels. NGSMs define the channel
parameters based on some underlying probability distribution
function and are independent of the propagation environ-
ment being modeled. They characterize the statistics of the
channel measurements instead of their actual values using
measurement data or those generated using RT. An NGSM
model based on physical wave propagation through a channel
characterized by its MPCs, AOA, and AOD [209], delay and
loss [210] is present in literature. Relating the AOA and AOD
to the LoS gives a unique advantage to the model where it
becomes independent of the site geometry. The appearance
and disappearance of the MPCs are modeled by a genetic
process where changing the delay time of the propagating
path can efficiently capture the Doppler properties of the
channel. The model is based on data generated by a cali-
brated and validated RT tool which is tuned for narrowband,
wideband, and directional channel measurement. While the
model in [209] can simulate any complex system with arbi-
trary antenna configuration and pattern, it was tuned further
in [210] to cater to the specific requirements of advanced
communication systems with multiple antennas. An anal-
ysis of the MPC parameter estimation accuracy was con-
ducted in [211] where a Gaussian antenna beam pattern was
considered.

2) ANALYTICAL VS PHYSICAL
The physical channel model provides the statistics of the
channel characteristics which are not dependent on the
antenna pattern such as power delay profile, arrival time, etc.
while the analytical model characterizes the CIR including
the antenna characteristics [212], [213].

In a multi-antenna scenario that is of special interest in
the THz band due to its directive properties, the analytical
model arranges the individual CIRs between elements of the
multi-antenna system in a matrix and then describes their
statistical properties including the correlation between them.
This is known as the matrix-based model. In a simplified
model, the channel between each element is assumed to be
an independent and identically distributed complex Gaus-
sian channel with approximately uncorrelated antenna char-
acteristics such that the fading process can be modeled as
a simple Rayleigh process. However, such simplicity does
not make sense at the THz band due to the sparsity in the
space domain. In the Kronecker model [214], the correlation
between individual channels is assumed but for simplifica-
tion, it is assumed that the antenna responses at the Tx and
Rx are separable. But, in the THz band with an increase in
the number of antennas in an array to support UM-MIMO or
a decrease in communication distance due to a small LoS path
such an assumption becomes less valid [215]. In addition,
for a UM-MIMO configuration, the antenna structure can
no longer be considered a point source; hence, the far-field
assumption also becomes invalid [216].

To overcome the prior mentioned shortcoming, virtual
channel representation (VCR) characterizes the channel by
sampling rays in a beam space [217], [218], [219]. A fully
correlated channel matrix is used to provide a beam domain
channel model that can be applied to a wide variety of
propagation environments. But the concept is applicable
to only uniform linear array structures. A combination of
the Kronecker model and VCR was presented in [220].
It is a more generic framework that is applicable to any
type of array structure and also considers the joint spa-
tial correlation of Tx and Rx as opposed to the Kronecker
model. The aforementioned models are favored for mas-
sive MIMO because of their low complexity but are not
suited for THz links due to their presumptions on the
far-field effect and stationarity of the channel. To adapt
them for THz channels a beam domain channel model
with no far-field assumption was presented in [219] and
in [213] where the spherical wavefront and space-time non-
stationarity was considered in addition. An analytical model
based on space-time coding has generated renewed interest
in light of the 6G wireless network implementation which is
anticipated to provide ubiquitous connectivity [221]. Other
analytical models include the diagonal-decorrelation model
where the cross-correlation across antennas is assumed to be
zero [222], the rough surface model for theoretically com-
puting the spatial correlation relative to scattering surface
profile [223] which could be utilized for modeling scatterer
rich THz channels and structured model [224] which is an
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extended version of the model in [220] based on tensor
calculus.

The GBSM models discussed in subsubsection IV-B1 also
fall under the purview of physical models. Physical mod-
els also include the one-ring model, the combined elliptical
model, and the one-disk model which are recognized under
the umbrella head - geometry-based statistical propagation
models. The one-ringmodel is the most popular GBSM appli-
cable to MIMO channels [216], [225], [226] which accounts
for local dispersion from obstacles placed on a ring around a
subscriber unit. This model might not always be in agreement
with the Kronecker model as shown in [216]. The combined
elliptical ring model is characterized by a parameter known
as the local scattering ratio (LSR) which is an indication of
the omnidirectional distribution of scatterer on a local ring
and a low value represents directional scatterer distribution
[225], [227]. The one-diskmodel on the other hand comprises
a single large disk between the Tx and Rx where the scat-
terers are evenly spaced [228]. The correlation properties of
the model are dependent on the path loss exponent and are
known to have low antenna correlation while the magnitude
cross-correlation is high.

A geometry-based statistical channel model for THz band
propagation was proposed in [229] which can not only pro-
vide physical characteristics but can also investigate system-
level performance. In [230] Saleh and Valenzuela based on
the pioneering work of [231] introduced the concept of clus-
tering related toMPCs for the first timewhich popularly came
to be known as the S-V model. In addition, they modeled
the inter and intra-cluster arrival time as a Poisson process
and the received power as an exponentially decaying function
of delay. However, the model was built based on measure-
ments conducted using omnidirectional antennas and hence
omits AOA and AOD characterization. In the THz domain,
it is important to incorporate such characterization due to its
highly directive nature which requires the specification of
direction of arrival (DOA) and direction of departure (DOD).
In [96], [229] a spatially extended S-V model was introduced
which approximated DOA/DOD distribution as a zero-mean
second-order gaussian mixture model (GMM). In some other
research works, the arrival time is modeled differently from a
Poisson process to have better agreement with measurement
data [146], [232], [233], [234]. Similar modifications to the
S-V model are introduced in some early channel modeling
done for mmWave and THz channels [235], [236], [237] to
match with the calibration and validation process.

C. HYBRID MODELING
Given the huge variation in propagation environment for
various applications, it is prudent to move away from a
stringent approach based on a particular concept and use a
more amenable hybrid approach based on marrying the best
of different concepts and thereby possibly addressing the
majority of their shortcomings. The deterministic approaches
for example are known for their accuracy but suffer from

complexity and high time consumption. The statistical
approaches on the other hand are preferred for their simplicity
but suffer from lowered accuracy. Even amongst different
deterministic or stochastic approaches, there are variations
in their benefits and limitations. To address such challenges
and provide an optimum solution different hybrid approaches
combining various deterministic approaches [165], [238],
[239] or deterministic and stochastic approaches [96],
[240], [241], [242], [243], [244], [245] are proposed.
The details of such trade-offs are further elaborated in
subsubsections IV-C1 and IV-C2.

1) DETERMINISTIC HYBRID APPROACH
The FDTD approach is known to provide very accurate
modeling of channels consisting of complex structures and
boundary discontinuities but it comes at a higher computa-
tional cost. The RT approach on the other hand requires com-
paratively fewer computational resources for modeling the
above-mentioned scenarios but is not as accurate. In a typical
site, rarely would we come across scenarios that consist of
only complex structures or boundary discontinuities so as
to invoke the resource-intensive FDTD method every time.
A more practical scenario might be the one shown in Fig. 11
consisting of a mixture of complex and simple structures
where the complex structures can be modeled using FDTD
while the rest of the scenario is modeled using the compar-
atively simpler RT approach. As we go up in frequency, the
otherwise smooth-looking surfaces tend to appear rough due
to the comparable wavelength of the transmitted signal. Thus,
in the THz band, the FDTD method can resolve small and
complex scatterers and rough surfaces [2] while geometrical
optics-based RT can be used for modeling the rest of the envi-
ronment providing an optimal trade-off between accuracy and
complexity.

The combined technique using RT and FDTD to model
an indoor propagation environment and penetration of waves
from outdoor to indoor (O2I) at 2.4 GHz was presented
in [165]. As explained earlier the hybrid approach was used to
good effect to model the small complex discontinuities using
FDTD and the wide area using the RT approach. The numer-
ical results from the model were found to be in sync with
the known exact solutions as well as measurement data for
the outside-to-inside penetrating wave. The model was found
to be a generic one and could be suitably adapted to other
frequencies after suitable adjustments. In [238], UTD was
used tomodel objectsmuch greater than thewavelength of the
transmitting wave whereas the complex and small scattering
objects were modeled using FDTD in the context of theWi-Fi
transmission system where the model was used to evaluate
the bit error rate (BER). A three-dimensional deterministic
hybrid approach combining time domain parabolic equation
(TDPE) with FDTD was proposed in [246] for O2I radio
wave propagation. A limitation of the deterministic hybrid
approach however is the smooth transition between FDTD
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FIGURE 11. A representative scenario to model using RT-FDTD hybrid
approach.

and the other method that is being used if there are too many
boundaries in a given scenario.

2) STOCHASTIC-DETERMINISTIC HYBRID APPROACH
If accuracy is not a concern then the simplest way to model
a given scenario is by using the statistical approach. How-
ever, as the statistical approaches do not capture the detailed
geometry of the measurement environment they are not able
to consistently reproduce the scenario and hence capture the
effect of the movement of mobile stations in the environment.
Similarly, the effect of change in direction and angle of
transmission or reception due to the dynamic nature of the
site is also not defined. In addition, in a multi-antenna com-
munication system, which is supposed to be very common
for the THz band due to its inherent directional properties,
the correlation between the links is not captured since the
random generation of propagation links cannot guarantee
the same effect every time. Thus a hybrid solution using the
geometrical approach to compensate for the limitations of
the stochastic approach can provide the important missing
features to a generated channel model [139], [241], [242],
[243], [244], [247], [248], [249].

The quasi-deterministic (Q-D) model is a popular hybrid
approach that is generated by first obtaining the domi-
nant MPCs from environment geometry and then simu-
lating a cluster of MPCs associated with the dominant
MPCs. The intra-cluster MPCs are therefore expected
to have similar DOA, DOD, and delay with a small
spread being very close to one another. In addition,
to characterize the scatterers and capture the dynamic
nature of the environment additional MPCs are consid-
ered. The Q-D channel model has been successfully applied
and validated for different applications such as cmWave

propagation [240], [250], indoormmWave propagation [141],
[142], [251], indoor sub-THz propagation [96], [121],
[229], mmWave Evolution for Backhaul and Access
(MiWEBA) [242], [244] and IEEE 802.11ay [252]. In [240],
the geometry and routing path of mobile stations were first
identified in a virtual cell deployment area (VCDA), follow-
ing which the delays and DOAs were traced by geometrical
means. The intra-cluster parameters such as delay, angular
dispersion, and average power of multipath components were
stochastically modeled. The model was specifically created
for European urban microcells with the possibility to adapt
to similar regions in American or Asian cities. In [250],
on the other hand, the hybrid model was designed for indoor
environments which used a stochastic approach for modeling
the dense MPCs and a Q-D approach for modeling the
dominant MPCs to capture the spatial behavior. In [142],
the propagation channel of a conference room at 60 GHz
was characterized by a hybrid model, and various inter-
cluster, intra-cluster, and polarization parameters were statis-
tically defined using experimental results and RT simulations.
Q-D models were also developed and parameterized
for 60 GHz signal propagation for open square [242],
non-stationary environment [244], various office environ-
ment [141] and in corridor [139]. In all the scenarios, the
dominant paths (only two were considered - LoS and ground
reflected paths) were considered deterministically whereas
the comparatively weaker random reflected rays were mod-
eled stochastically where cluster arrival was modeled as a
Poisson process and inter-arrival time as exponentially dis-
tributed. In [121], on the other hand for THz communication
in an indoor environment, both the inter-cluster and intra-
cluster arrival time was modeled as a Poisson process and
Von Mises distribution was used for generating AOA of both
inter and intra-cluster subpaths.

V. OPEN CHALLENGES AND FUTURE SCOPE
IN THZ BAND
Despite an avid interest and best effort to study the distinctive
attributes of a THz band channel, there still remain sev-
eral challenges that need addressing. In this current section,
we look at some of those challenges from the perspective of
channel sounding, measurement campaigns, and modeling in
the band of interest.

A. CHALLENGES IN CHANNEL SOUNDING
The THz band due to its distinctive attributes has require-
ments that were never a major concern while building a
channel sounder to study the lower frequency channels. Some
of the unique requirements and the challenges they present
can be enlisted as

• Requirement of the high carrier frequency to the tune of
THz is required to study the channel which in turn boils
down to the requirement of suitable hardware that can
generate such high frequencies with adequate stability.
In VNA-based sounding 4-port VNAs are preferred over
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the traditional 2-port ones to increase the VNA stock
frequency range to the frequency of interest through
heterodyning [62], [253]. However, the usage of extra
hardware not only incorporates additional losses which
subsequently reduces the dynamic range-one of the
major requirements as mentioned later but also limits the
possibility of conducting campaigns in dynamic vehic-
ular, railway, and other such scenarios where the Tx or
Rx or both are in motion. Thus there is a need to develop
and design compact, portable sounders with minimal
hardware footprint. Sounders in reasonable form factors
would also have reduced power requirements further
supplementing the ease of mobile measurement.

• Next is the requirement for directional antennas and
solely so as opposed to a combination of omnidirectional
and directional ones that were used even for studying the
quasi-directional mmWave signal propagation.

• The systems also need to support fast channel acqui-
sition to appropriately capture the channel variability
inherently characterized by short coherence time which
is not possible with the widely used directional scan-
ning approach. In this context, the challenge lies in the
development of low-cost commercial phased arrays that
can support fast beam sweeping to capture the direc-
tional attributes of THz band propagation in real time.
Commercial adaptation of experimental solutions pro-
posed in [254], [255], [256] can possibly accelerate the
process. Another experimental demonstration in [257]
consists of transceiver arrays with 8 parallel channels
at 140 GHz that can be used either in digital MIMO
configuration or in hybrid beamforming architecture in
conjunction with an analog antenna array.

• Capability to handle large BW of the order of several
GHz or maybe even THz. Such large BW creates a
smaller delay resolution which should be captured to
identify a more precise propagation path. In addition,
due to the large carrier frequency, the effect of Doppler
is expected to be more stringent compared to lower
frequencies. Furthermore, the imprecise operation of a
clock can lead to an artificial Doppler shift. Thus the
challenge lies in designing highly precise clocks and
inexpensive and energy-efficient ADCs that can meet
the stringent requirements of synchronization and high
sampling rate.

• Due to high transmission rates at the THz band,
sampling and sophisticated processing of the received
signal become quite complicated. This calls for inno-
vation in synchronization techniques. In the context of
transmission using pulse-based modulation some novel
techniques using iterative observation window short-
ening [258] and jointly initiated handshake mecha-
nism [259] have been proposed. However innovative
techniques for carrier-based scenarios and MIMO sys-
tems customized to the unique features of THz band
communication needs further exploration. Furthermore,
a comprehensive mechanism that not only provides

timing synchronization but also frequency and phase
synchronization needs to be investigated.

• Higher dynamic range and sensitivity to identify more
significant MPCs in the face of massive path loss.
Although new algorithms are developed to improve the
noise floor estimation and further noise removal during
post-processing [260], [261] more needs to be done to
further improve the dynamic range and sensitivity of
measurement systems since the transmitting power of
the current THz band systems is quite limited to facilitate
long-distance measurement campaign.

• Measurement distance scalability is another requirement
and subsequent challenges that are associated with it
need addressing. As can be observed from section III
majority of the measurements are done using systems
built with VNA which are known to provide limited
separation between transmitter and receiver. Such a lim-
itation has been improved by the usage of the RFoF con-
cept [55] which can support a separation of upto 100 m
but then suffers from the slow speed of acquiring channel
response. The TDC-based approach can support mea-
surement distances of several meters but suffers from
complex synchronization procedures for long-distance
measurements as listed in Table. 2. In this context,
a hybrid-sounding approach that reaps the benefit of
implicit synchronization in a VNA-based sounding and
yet facilitates fast channel acquisition might be worth
investigating.

In a nutshell, a comprehensive high-performance measure-
ment system, meeting the aforementioned generic require-
ments of a THz band channel and adapting itself to
further site-specific requirements needs extensive research
and investigation.

B. CHALLENGES AND FUTURE DIRECTIONS IN CHANNEL
MEASUREMENT
The THz band is envisioned to be used for a plethora of
applications beyond just wireless communication such as
wireless cognition [262], [263], imaging [264], sensing [265]
and precise positioning [264]. Even in wireless communica-
tion, there will be several applications in addition to mobile
communication such as wireless fiber for backhaul [266],
intra-device radio communication [267], and wireless links
in data centers [21]. Such a varied palate of applications
brings with it unique challenges and requirements that can
be identified and addressed through extensive channel mea-
surements conducted to investigate the feasibility of each of
the implementations and are summarized as follows

• As is evident from the elaboration in section III most
of the measurements in the band of interest have been
in scenarios that are traditional like an indoor office
environment, conference rooms, laboratory desktops,
and rooms of different sizes. To facilitate the design of
the physical layermechanismswhich adequately capture
the frequency selectivity of ultra-wideband channels in
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high data-rate indoor applications further targeted mea-
surement campaigns are required in scenarios such as
factory [73], stadium (open-roof), gymnasium (close-
roof), auditoriums [268] to name a few.

• The number of outdoor measurement campaigns is very
limited and needs to be earnestly considered since the
dynamic behavior of a channel and its effect is more
prominent in outdoor scenarios. The exploration of the
behavior of THz band channels in dynamic scenarios
is almost negligible for any scenarios - indoor, outdoor,
or otherwise and needs to be studied for proper modeling
of human body blocking, reflection, and scattering from
apparently smooth, reflective mobile objects, and such
phenomenon.

• The investigation of links for on-chip communications
and in data centers still needs further deliberations to
identify their distinctiveness and explore the feasibility
of applications envisioned for nano-communications.

• Although there have been some measurement cam-
paigns to study the THz band channel in the context of
smart railway applications, the campaigns in the context
of studying the vehicular channel are quite limited. Both
scenarios require more extensive campaigns in differ-
ent scenarios in the specified frequency band to sup-
port the design and development of standards that can
realize the vision of autonomous intelligent transport.
In addition, efforts need to be invested to conduct cam-
paigns to study the unique attributes of scenarios such as
unmanned aerial vehicle-assisted wireless communica-
tion, airplane-satellite communication, and satellite-to-
satellite communication [2].

• In the measurement campaigns for the THz band, the
frequencies that have been explored so far are mostly
below 500 GHz which means there are large swathes of
the spectrum that still need investigation.

• Integration of ground and airborne networks to support
all-pervasive communication in 3D space is outlined
for THz band communication. Realizing such advanced
features, which are very different from conventional
2D networks would require extensive measurements to
facilitate new approaches for 3D frequency and network
planning involving communication between terrestrial
base stations and tethered balloon or drone base sta-
tions [269].

• THz communication is envisioned to take a leap from
massive MIMO to the usage of the intelligent reflec-
tive surface (IRS) which will also enable innovative
ways of communication such as by using holo-
graphic radio frequency (HRF) and holographic MIMO
(H-MIMO) [221]. In this context, campaigns need to
be designed to identify the optimal placement of such
passive reflective surfaces and conduct a fundamental
analysis of their performance in enhancing communi-
cation range, coverage [270], spectral efficiency, and
network capacity.

In conclusion, despite the best efforts by various research
groups across the world, there are gaps that still need filling
from the measurement perspective to realize the ambitious
plans that have been drawn for THz band communication.
Extensive measurements can pave the way for the creation
of simulators that can effectively capture the peculiarities of
THz frequencies and can generate a huge amount of measure-
ment data that would be required for novel channel modeling
approaches. The importance of huge measurement datasets is
further substantiated in the next subsection.

C. CHALLENGES AND FUTURE DIRECTIONS
IN CHANNEL MODELING
As for the other subsection heads, in the domain of model-
ing, as well THz band channels present unique challenges
where diffraction is expected to have a lesser effect on signal
propagation compared to lower frequencies while scattering
is going to have a more predominant effect due to comparable
wavelength of THz signals to the size of dust grains, rain-
drops, roughness onwalls [102]. A lot of energy is invested by
research groups across the world to accurately model a THz
band channel with an optimal trade-off between accuracy and
complexity. In this sphere, the challenges and requirements
include but are not limited to the following

• A ray-tracing statistical hybrid model presents a reason-
able solution that has been used for modeling various
communication scenarios. However, to the best of our
knowledge, an accurate channel model for NLoS which
can capture the effects of diffuse scattering is missing.

• While it is easier to extract channel parameters from
statistical models, the extraction of the same from a
deterministic-statistical hybrid model is not as straight-
forward and requires a large amount of measurement
data [121], [241], justifying our previous claim of further
extensive measurement campaigns and investigation of
the same.

• Artificial intelligence (AI) and machine learning (ML)
techniques are known to be adept to solve compli-
cated problems. Hence it can be expected that in the
event of the availability of large measurement datasets
(that can be generated by using measurement-validated
simulators), the true potential of the techniques can
be harnessed in clustering MPCs, extracting channel
parameters, and developing novel learning-based chan-
nel models. AI-based approaches are already been
used in mmWave channels, for path loss prediction
[271], [272] and for clustering using unsupervised learn-
ing, [273]. Thus it would be feasible and possibly more
suited to use such techniques for modeling and extrac-
tion of channel parameters for the more complex THz
band. The implementation of the same needs to be
explored.

• As explained earlier usage of UM-MIMO and IRS are
realistic in a THz band communication setup due to
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the possibility to build them in a small form factor and
their ability to solve the issues related to LoS blockage
and scattering problems. However, both technologies
present new challenges to deal with, such as modeling
of mutual coupling effect and near field effects [27].
The analysis of the mutual coupling effect tuned to THz
transceivers is important to study the effect of the same
on the performance of UM-MIMO and IRS. As for
near-field effects, efforts are required to experimentally
characterize the same since the THz band is visioned to
support short-distance communications too which might
be less than the Rayleigh distance. Simple assumptions
as is done currently would lead to erroneous results in
such scenarios.

• Even as ultra-wideband communication at the THz
band promises improved channel capacity the frequency
selectivity of such wideband channels needs to be con-
sidered to model joint propagation characteristics in
multi-band operations, to investigate any correlation
between bands, and to suggest an appropriate physical
layer design. The temporal birth-death (BD) process of
MPCs due to the temporal variability of scatterers either
needs to be freshly modeled in the context of the THz
band or validated for the existing models in mmWave
and lower frequency bands. The spatial BD process in
the context of UM-MIMO on the other hand is still
completely unexplored and needs to be modeled afresh
to analyze the impact.

• The current research on spatial consistency which is
acknowledged by 3GPP as an important channel mod-
eling component [268] is currently based on omnidirec-
tional antennas at the Tx and Rx [274] and needs to
be adapted to include the effect of directionality since
THz band communication is proposed to be majorly
based on the usage of directional antennas which has not
been explored yet. In addition, polarization properties,
azimuth, and elevation angles of departure and arrival of
MPCs need to be suitably accounted for in the developed
models [275].

To draw an inference as emphasized earlier, the THz band
has its unique features and new techniques are being used to
derive the best out of the band of frequencies. In that context,
the channels should be modeled using innovative approaches
with feasible complexity and computational demand and not
be mere extensions of the existing models to the new fre-
quency bands. Several works in that direction are already in
progress but as emphasized earlier, more needs to be done to
comprehensively capture all the uniqueness of the band.

VI. CONCLUSION
The current monograph sequentially presents an insightful
and focused overview of channel sounding techniques, chan-
nel measurements, and channel modeling for THz commu-
nications followed by the identification of open issues in
the context of the prior three topics. A total of four channel

sounding techniques are comprehensively reviewed and their
suitability for studying the THz band propagation is assessed
including the less explored sounder comprising of a combi-
nation of a signal generator and analyzer. A novel in-house
SGSA-based channel sounder is also briefly presented in this
context. An exhaustive overview of the measurements across
the band of frequencies for different indoor, outdoor, and
other unique scenarios available in the literature is presented
and summarized. The summary helps in identifying the gaps
and subsequently the need for further extensive campaigns
to characterize a THz band channel in a given scenario with
improved confidence. The paper then presents a comparative
study of the different modeling techniques available in the
literature, their pros and cons, and their suitability to model
THz communication channels. The challenges in using the
existing channel models to characterize a THz band chan-
nel and the possible modifications required to capture their
uniqueness are also disseminated. The study concludes that
further effort is needed before a standard for THz channel
sounding, measurement, and modeling is obtained.
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