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Abstract—Terahertz-band (100 GHz–10 THz) communication
is a promising radio technology envisioned to enable ultra-
high data rate, reliable and low-latency wireless connectivity in
next-generation wireless systems. However, the low transmission
power of THz transmitters, the need for high gain directional
antennas, and the complex interaction of THz radiation with
common objects along the propagation path make crucial the
understanding of the THz channel. In this paper, we conduct an
extensive channel measurement campaign in an indoor setting
(i.e., a conference room) through a channel sounder with 0.1 ns
time resolution and 20 GHz bandwidth at 140 GHz. Particularly,
the impact of different antenna directivities (and, thus, beam
widths) on the channel characteristics is extensively studied.
The experimentally obtained dataset is processed to develop the
path loss model and, subsequently, derive key channel metrics
such as the path loss exponent, delay spread, and K-factor. The
results highlight the multi-faceted impact of the antenna gain
on the channel and, by extension, the wireless system and, thus,
show that an antenna-agnostic channel model cannot capture the
propagation characteristics of the THz channel.

Index Terms—Terahertz communications, ultrabroadband
channel sounding, channel modeling, indoor channels.

I. INTRODUCTION

Sub-terahertz (100 GHz–300 GHz) communications have
been identified among the prospective radio technologies for
wireless connectivity in sixth-generation (6G) wireless systems
and beyond. The latest predictions account for the rapid
development of sub-THz hardware over the recent decade [1],
[2] and list sub-THz radio among the technologies for 6G sub-
THz wireless backhaul [3], 6G sub-THz network sensing [4],
and 6G sub-THz indoor wireless access [5]. Harnessing a new
frequency range for an existing scenario typically starts with
delivering an understanding of the new wireless channel itself.
Here, sub-THz indoor links are not an exception with dozens
of measurement and modeling results reported to date [6].
For instance, the impact of frequency has been explored
in [7] among others. The impact of distance has been studied
in depth in [8], and multiple other works. The impact of
the environment itself has been explored in multiple studies,
including but not limited to [9]. Admitting the importance
and usefulness of prior studies, in this paper, we primarily
focus on the implications of the sub-THz antenna used for
the measurements (and for future sub-THz communication
systems). Moreover, we specifically advocate for the following
important conclusion with our results: For 6G and beyond
sub-THz radios, there is a clear need to carefully revisit the
approach of how a channel model is built.

Specifically, a notable fraction of existing 5G-grade mod-
els [10] are built roughly following three steps. First, the
measurement campaign is conducted. Then, the measured
values get post-processed to compensate for the effect of
the used antennas. Finally, there is a method to tailor the
delivered model to any desired antenna characteristics. The
existing “antenna-agnostic” models are very convenient for
microwave and even low mmWave systems (e.g., most com-
mon 5G New Radio Frequency Range 2 frequencies 24 GHz
– 30 GHz). However, extrapolating the same approach to
sub-THz bands leads to severe issues during both Stage 2
and Stage 3 above, as the antenna impact cannot be easily
decoupled from the channel impact anymore. Specifically, as
further reported in the paper, some large-scale antennas for
sub-THz bands have non-negligible near-field zones of several
meters or even tens of meters with complex relationships with
the observed channel metrics [11]. The occurrence of the
waveguide tunneling effect in indoor settings can also have
a non-negligible impact [12].

There have been attempts to characterize the impact of
antenna directivity with ray-tracing modeling [13]. However,
those techniques have limited applicability in the near field.
The “near-field-to-far-field transition” when changing the an-
tenna configuration leads to a notable deviation in the ex-
pected and observed results even in simple line-of-sight (LoS)
conditions. Further, sub-THz antennas of different directivity
nonlinearly affect the multi-path nature of the received signal,
consequently impacting e.g., the delay spread and K-factor
in complex ways. Hence, applying the 5G-grade solutions
to decouple the antenna-centric effects from channel-centric
effects in the measured data, results in notable errors intro-
duced. To the best of the authors’ knowledge, this is one of
the first measurement-based studies on antenna-centric effects
in sub-THz indoor channels, highlighting and quantifying this
important mismatch, as well as suggesting possible ways to
partially address the issue.

The major contributions of this paper are thus as follows:

• We deliver new measurement results in an indoor config-
uration with different sub-THz antennas that can be used
as reference points for further modeling and performance
evaluation efforts in this research area.

• We further present simple parametric models to charac-
terize the major trends, dependencies, and trade-offs in
the observed measurement results.
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The rest of the paper is organized as follows. Sec. II in-
troduces our measurement setup used for our sub-THz indoor
channel sounding. Then, Sec. III summarizes the major mea-
surement and modeling results, as well as the key observations
highlighting the importance and difficulty of incorporating
the antenna characteristics into the existing models. Finally,
Sec. IV concludes the paper and outlines possible further steps
in this research direction.

II. MEASUREMENT SETUP

Herein, we first describe the channel sounder system and
then the indoor setup for our measurement campaign.

A. NU Channel Sounder

The channel sounder at Northeastern University (NU), or
NU Channel Sounder, is a tailored spread spectrum-based
sliding correlator type channel sounder [14]. It can capture
multipath profiles with high resolution and dynamic range.

1) Terahertz Sounder Frontends: The frontend compo-
nents of the channel sounder are developed through the
TeraNova testbed [15], [16]. The transmitter and receiver
components, along with the rotatory table, are shown in
Fig. 1 (a) and (b), respectively. At the transmitter, we utilize
an arbitrary waveform generator (AWG) to generate baseband
(BB)/intermediate frequency (IF) spread spectrum-based chan-
nel sounding signals with 20 GHz of bandwidth. Multiplier
and mixer chains up-convert the BB/IF to the RF frequency
starting from a local oscillator (LO). The signal is down-
converted by a similar RF system and captured through a
digital storage oscilloscope (DSO) for offline processing. A
cable is utilized to connect the 10 MHz clock of the LOs
at the Tx & Rx for synchronization. An in-home developed
absorption material with water-absorbed mat and foam, shown
in Fig. 1 (d), is utilized to mitigate the reflection from the metal
structure of the receiver itself.

2) Signal Processing Backend: The signal processing back-
end consists of both transmitter and receiver sections, as shown
in Fig. 1(c), and is implemented in MATLAB. We utilize the
backend to generate the channel-sounding specific waveform
and further process it at the receiver. The transmitted signal
frame is made of an 8191-m-sequence header and a 4095-
chips m-sequence that is repeated 16 times, which is utilized
for actual channel measurement. The frame is modulated with
binary phase-shift keying (BPSK) and pulse-shaped with a
high roll-off factor root-raised cosine filter. The signal is
generated through the AWG and up-converted for transmission
to the 130-150 GHz band. At the receiver, the captured
sampled signal at the DSO is processed, by first utilizing
the header to detect the start of a frame. Then, the captured
signal is calibrated to eliminate the frequency selective re-
sponse of the hardware as shown in [14]. The signal-sounding
component of the waveform (with repeated 4095 m-sequence)
is correlated with a locally generated 4095 m-sequence to
extract the channel impulse response. An average of over
16 such repetitions are taken to reduce the noise floor and
eliminate false detection. The received power is determined

by normalizing with pulse energy and m-seq length (i.e.,
4095). Finally, by setting the threshold based on the channel
sounder’s dynamic range, the peaks, and corresponding delays
are measured by the global convergence method. With 20 GHz
of RF bandwidth, multipath components with 0.1 ns time
resolution can be measured.

B. Sounding Environment and Methodology

The measurement campaign is performed in an indoor
conference room of dimension 10m×10m at Northeastern
University. The conference room structure, geometrical shape,
and placement of the transceiver are shown in Fig. 1 (e),(f)
and (g). We have utilized 13 dBm of transmit power with
a 15 dBi (300 beamwidth) antenna to transmit the sounding
signal at a height of 2 m close to the ceiling. The receiver
is kept at the height of 1 m to define the height of the
tabletop on the rotatory table in the different places within
the room, as shown in Figure 1 (e). The rotatory table is
rotated in steps of the beamwidth of the receiving antenna in
the azimuth direction to acquire the angular information. We
start by ensuring that our transmitter and receiver antennas are
perfectly aligned, maintaining LoS. At the receiver, antennas
of various gain/beam widths are utilized to collect the received
signal. The antennas we have utilized have a gain of 15,
21, 25, and 38 dBi, and beamwidths of 30, 11, 10, and 2◦,
respectively. All the antennae at the transceiver operate at the
D-band frequency range (110-170 GHz).

III. EXPERIMENTAL RESULTS

First, we analyze the path loss model and exponent with
various antenna gains. Finally, we moved with the detected
multipath profiles and statistically determined channel metrics.

A. Path Loss Model

The path loss models are crucial to estimate power loss
over the wireless interface due to multipath interference. The
presence of a line-of-sight (LoS) component normally results
in representing the path loss through the log-distance model.
Here, the path loss PL at a distance d is evaluated through the
Friis free space path loss PL0 at d0 = 1 m, with the excess
loss due to the distance, d, having a path loss exponent (PLE),
n. A zero-mean Gaussian distributed random variable, χ, with
a standard deviation of σ dB, is introduced to represent the
shadow effect. The cumulative path loss PL is given by

PL = PL0 + 10n log10

(
d

d0

)
+ χ. (1)

We estimate the value of n by mapping the experimental
path loss, LPL, in dB scale using the maximum likelihood
estimation (MLE) method with the model given in (1) for the
link budget analysis. Figure 2 presents both the experimental
as well as estimated/curve fitted (CF) values of path loss as a
function of distance for different antenna gain at the receiver.
Figure 3a shows the variation of the path loss exponent with
varying antenna gains. The curve fit is given by

n(G) = 1.811e0.001018G − 30.15e−0.2437G, (2)
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Fig. 1. The NU Channel Sounder System with a) transceiver hardware, b) rotatory table hardware, c) signal processing backend, and d) THz frequency
absorption meterial. The conference room details, i.e., the sounding environment, including e) layout, f) picture, and g) legend.
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Fig. 2. Path Loss with varying antenna gain (beam width) with experimental
(EXP) and curve fitted (CF) value.

where n is the PLE and G is the antenna gain. The value
of n < 2 in most cases is caused by the waveguide/tunnel
multi-path effect of LoS indoor channel [12]. Further, n
increases with an increase in antenna gain (i.e., a decrease
in antenna beamwidth). This increase in path loss with an-
tenna gain can not be explained alone by the lowering of
the waveguide/tunneling effect as shown in [13] through ray
tracing simulation. This can be more clearly understood as the
fact that the effective gain of larger gain, and consequently
larger sized aperture, is reduced due to the presence of near-
field effects. Specifically, we can estimate the radiated and
received beams from these antennas by approximating them
as Gaussian beams [17]. We quantify the evaluations for the
extreme cases of 15 and 38 dBi antennas, with the other

antennas falling in this range. The 38 dBi antenna is a circular
horn-lens antenna (efficiency of 0.45), giving us a Gaussian
beam with an aperture w0,38 = 59 mm [18]. In contrast, the
15 dBi antenna is an open waveguide, with the effective gain
given as [18]:

G = 10 log10

(
0.81

4π

λ2
ab

)
, (3)

where λ is the wavelength, and ab is the product of the width
and length of the waveguide. The correction factor of 0.81
comes as ≈ 8/π2, due to the fact that the electric field across
the waveguide is not uniform. We equate this waveguide to a
circular aperture with the same efficiency of 0.45, giving the
value as w0,15 = 4 mm.

A Gaussian beam generated from an aperture w0 with an
initial electric field E0 has the field E(z) after propagation in
the z-axis given as [17]:

E(z) = E0
w0

w(z)
e

(
−r2

w(z)2
e

(
−j(kz+k r2

2R(z)
+ϕ(z))

))
, (4)

where w(z) = w0

√
1 +

(
z

zR

)2

, R(z) =
z2 + z2R

z
,

where w(z) is the beam waist after propagating a distance z,
and R(z) is the radius of curvature, with ϕ(z) = arctan z/zR
describing the Gouy phase. zR = πw2

0/λ is the Rayleigh
range. The received power Prx from a receiver with an aperture
of size wrx at a link distance z is found as:

Prx =

∫ wrx

−wrx

E(z)2 dr, (5)
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where E(z) is the electric field from (4). The phase component
−k r2

2R(z) , where k is the wavenumber, varies across the cross-
sectional aperture wrx, and thus the electric field does not
add up in phase. We present the beam profile emanating from
the 15 dBi transmitter in Fig. 4. The cross-sectional cut is at
z = 1 m, similar to how PL0 is set in (1). It can be seen
that the beam intercepted by a smaller receiver will have a
uniform phase profile, whereas the larger antenna will capture
a beam that has multiple variations in the phase, indicating
that there will be significant destructive interference, reducing
the operational gain, or equivalently, increasing the path loss.

Nonetheless, the deviations of each of the experimentally
evaluated curves from each other as well as the conventional
free-space path loss model highlight that channel characteri-
zation in the THz regime cannot be performed independently
of the antenna(s) utilized in the system.

B. Channel Metrics

We characterize and present here the ultra-broadband indoor
wireless communication link at 140 GHz in terms of the Rician
K-factor, the root mean square (RMS) delay spread (DS), and
the angular spread (AS), which are among the crucial metrics
for the over the air communication system design. In addition,
we have demonstrated the relationship between the metrics and
antenna gain/beamwidth.

1) K-factor: The K-factor is a significant metric for LoS
link, which provides insight into communication link quality
based on the power associated with the LoS and the scatter
components. It is defined by the ratio of the power in the LoS
path (PLoS) and other NLoS paths (2 S2), and it thus given by

K =
PLoS

2S2
. (6)

In the dB scale, it is represented by 10 log10(K). This metric
provides insight into the type of fading a channel could experi-
ence. For example, with an increase in the K-factor, the chance
of experiencing deep fade reduces and increases the link
reliability by reducing the bit error performance. Therefore,
the estimation of the K-factor is of practical importance in
various wireless scenarios, including channel characterization,
adaptive modulation, and localization applications.

The cumulative distribution function (CDF) of the K-factor
with different antenna gains within the conference room is
shown in Fig. 5 by comparing experimental (EXP) results
and curve fitting (CF). The K-factor in the dB scale is
approximated by the normal distribution with mean (µ) and
standard deviation (σ) for different gains of antenna at the
receiver. It is observable that the K-factor mean increases
and variance decreases with an increase in antenna gain (i.e.,
with the decrease in beamwidth). Consequently, wireless THz
communications and networks will require innovative adaptive
link modulation and coding schemes to adapt to changing
channel parameters with changing antenna gain. Figure 3b
shows the variation of the K-factor with varying antenna gains.
The curve fit is given by:

K(G) = 0.03576G2 − 1.246G+ 32.1, (7)

where K is the Rician K-factor in dB and G is the antenna
gain in dBi.

2) Delay Spread: To analyze the power delay profile of
the indoor channel with different antenna gain, the root mean
square (RMS) delay spreads (DS), τRMS, are computed for
various receiver positions. The RMS DS is calculated by

τRMS =

√∑
i(di − d̂)2 p2i∑

i p
2
i

, (8)

where di and pi are the delay and received power of propaga-
tion path i, respectively, and d̂ is the mean delay represented
by

d̂ =

∑
i di pi∑
i pi

. (9)

The metric statistics is divided into two parts- LoS and
NLoS, to have a holistic view considering the sparse nature
of the THz channel and the significant difference between
the statistics obtained from LoS and NloS components. The
CDF of the RMS DS captured for various gain antennas are
shown in Fig. 6, which can be approximated as an exponential
distribution with mean value β (increase in β produced heavier
tail CDF). The value for the DS is notably small (in the
range of 2 ns) for both the LoS and NLoS links. Although
NLoS components have higher RMS DS and heavier tail
distribution compared to LoS (i.e., x3 higher) counterpart.
Regardless, the DS is large enough to create ISI, considering
the ultra-broadband (20 GHz bandwidth) nature of the signal.
Further, the RMS DS increases with the increase in beam
width (i.e., a decrease in antenna gain). Therefore, it is crucial
to design innovative link adaptation techniques considering
the statistical feature of DS based on antenna gain as well
as the link condition - LoS or NLoS - when choosing pilot
bits. For example, this aspect could be utilized to make an
efficient choice for pilot bits to optimize the throughput by
considering the 90 percentile point from the CDF curve of
RMS DS. Figure 3c shows the variation of the RMS DS with
varying antenna gains, for both line-of-sight and non-line-of-
sight cases. The trend shows that for both cases, the RMS
delay spread decreases with increasing antenna gains (i.e.,
decreasing antenna beam widths), as the more directional the
beam gets, the lesser multipath propagation occurs and thus
the lower the delay spread. The curve fit equation is given by,

τRMSLoS(G) = 0.00118G2 − 0.08012G+ 1.583, (10)

τRMSNLoS
(G) = 0.001444G2 − 0.1964G+ 6.101, (11)

where τRMS is the RMS DS in ns and G is the antenna gain
in dBi.

3) Angular Spread: The spatial multipath richness of the
wireless channel can be determined by the angular spread
(AS), which could be essential to define the link establishment
possibility through NLoS. We investigate the RMS angular
spread (ASRMS) for the angle of arrival (AOA) in the azimuth
direction (θ) to examine the spatial multipath profile at 360-
degree angles. For this purpose, we have rotated the receiver
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Fig. 3. Experimental and curve-fitted channel parameters with varying antenna gains for the conference room.
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in steps of beam width in a horizontal direction. Analytically,
it is represented by

ASRMS =

√∑
i(θi − θ̂)2 p2i∑

i p
2
i

, (12)

where θi and pi are the AOA and received power of propaga-
tion path i, respectively, and θ̂ is the mean AOA represented
by

θ̂ =

∑
i θi pi∑
i pi

. (13)

The CDF of the ASRMS with different antenna gain obtained
from data captured at different positions within the room
is shown in Fig. 7. It follows the normal distribution with
mean (µ) and standard deviation (σ). Overall, ASRMS is low
due to the sparse nature of NLoS paths, which indicates
establishing a reliable communication link over a 360-degree
angle is critical in the THz band, and it becomes increasingly
challenging as antenna gain increases. It is observed by the fact
that σ increases with an increase in antenna gain. Therefore,
an extensive and innovative searching algorithm is required
to establish a reliable communication link through LoS or
significant NLoS components (i.e., link through a highly
reflective surface). The ASRMS is highly dependent on the
room composition and structure. Therefore, further study of
the channel in different indoor scenarios of varying sizes is
required to establish a correlation between ASRMS’s statistical
parameter and antenna gain.

IV. CONCLUSION

This paper reports channel-sounding measurements for
ultra-broadband links in the 130–150 GHz band with various
antenna gains. The results show the impact of the antenna
directivity & beam width on the channel characteristics beyond
a change in gain. Although providing environment-specific
insight, these cannot be decoupled from the channel statistics
through any single curve fitting or correction term. Thus, the
results motivate the development of robust real-time channel
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estimation and link adaption techniques that consider the
changes in channel properties when dynamic beams, likely to
be generated from a single transmit, receive, or reflect antenna
array, are utilized. This also motivated further quantization of
the antenna gain in other sub-THz channel studies. Our future
work is aimed at increasing the richness of the data set in
additional scenarios (indoor, outdoor, aerial), with different
structural and geometrical aspects, blockage, and atmospheric
conditions at different frequencies above 100 GHz for a broad
understanding of the sub-THz channel.
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