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Abstract—This paper presents outdoor radio channel mea-
surements at 140 GHz using a spectrum analyzer-based
channel sounder operational in the D-band, ranging from 110
to 170 GHz. We measure directional Line-of-Sight (LOS) path
loss (PL) in a suburban environment for distances ranging
from 2 m to 95 m, using an omnidirectional transmit antenna
and directional receive antenna. Every 10 m, a full angular
scan is performed by physically rotating the receive antenna
in steps of 12°, which corresponds to the antenna’s half-power
beamwidth. A floating-intercept PL. model is created, resulting
in a fitted intercept PLo at 1 m of 80.7 dB, and PL exponent
n 1.9. The azimuthal angular spread varies between 7° and
45°, with a mean angular spread of 19.7°.

Index Terms—radio propagation modeling, D-band, channel
sounder, outdoor, path loss

I. INTRODUCTION

Fixed wireless access networks using the 60 GHz mm-
wave frequency band have already proven to form a viable
and cheaper alternative to the rollout and installation of
fiber optic cables to provide broadband internet connectivity
in residential areas [1]-[4]. With an increasing demand for
high throughput wireless communication systems, wireless
system engineers are already looking at sub-THz frequency
bands where even higher bandwidths are available. This
paper investigates the outdoor radio channel at center fre-
quency 140 GHz.

Outdoor-to-indoor propagation at different mm-wave fre-
quency bands is well investigated [5]-[12], but is less
relevant at sub-THz frequencies because of the high building
penetration losses. Outdoor channel modelling for fixed
wireless access (FWA) and fifth generation (5G) telecom-
munication networks at mm-wave frequencies is discussed
in multiple publications [13]-[16]. Channel models at D-
band frequencies for indoor environments are provided in
[17]-[23], but to the best of the authors’ knowledge, no
outdoor channel models exists at D-band frequencies.

In this paper, we present the design and validation of a
D-band channel sounder, as well as outdoor measurements
for distances up to 95 m. The novelty of this paper is
not only the creation of an outdoor Line-of-Sight (LOS)
path loss (PL) model at 140 GHz, we also discuss angular
characteristics of the channel.

Section II presents the channel sounder design, measure-
ment environment and path loss modeling methodology.
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Fig. 1: Picture of the channel sounding setup.

In Section III, we present the validation of the sounder
and provide the LOS PL model as well as angular spread
analysis. Section IV concludes this paper.

II. METHODOLOGY
A. D-band channel sounder

For the outdoor channel measurement campaign, we
use the D-band channel sounder from Fig. 1, which is
operational in the D-band. A signal generator generates a
radio frequency source from 9.167 to 14.167 GHz which
is up-converted to D-band frequencies using a frequency
multiplier. The continuous wave signal is transmitted via
an omnidirectional D-band antenna with a gain of 3 dBi
that is connected to the rectangular waveguide (WR-6) of
the frequency multiplier. The vertically polarized transmit
(TX) antenna has a return loss of 20 dB, an elevation half-
power beamwidth (HPBW) of 45°, and has gain variations
up to 2 dBi in a 40 GHz frequency band centered around
140 GHz. At the receiving side, a directional vertically
polarized horn antenna with a gain of 23 dBi is used,
connected to a harmonic mixer that down-converts the D-
band signal to an intermediate frequency signal in frequency
range 5 MHz to 3 GHz, using a local oscillator (LO) signal
in frequency range 9 to 14 GHz. The receiving (RX) horn
antenna has an azimuth HPBW of 12° and an elevation
HPBW of 10°. Its gain variation over the full 60 GHz



band is 1 dBi and its return loss is 19.1 dB. The harmonic
mixer has a conversion loss of 30 dB, and an uncertainty
of 1.5 dB. A spectrum analyzer with a noise figure of
3 dB and displayed average noise level of -174 dBm/Hz,
measures the power of the received signal. The cable for
connecting the spectrum analyzer’s LO port to the mixer has
a loss of 1.7 dB in the LO frequency range. The maximum
measurable path loss of this setup, calculated via (1), is
150 dB. In this equation, Prx is the maximum transmit
power of the frequency multiplier (6 dBm), G is the total
antenna gain (26 dBi), Lyy is the mixer’s conversion loss
(30 dB), NLgy is the noise level of the spectrum analyzer
(-151 dBm, using a resolution bandwidth of 100 Hz), and
NFsa is the noise figure of the IF input of the spectrum
analyzer (3 dB).

PLpax[dB] =Prx[dBm] + G[dBi] — Lum[dB]

— NLSA[dBm] - NFSA[dB] (1)

The signal generator and spectrum analzyer are connected
to a laptop which is used to control the settings on both
devices. For remote control of the signal generator, a point-
to-point wireless link is used in the 5 GHz frequency band,
therefore not influencing the measured channel.

We perform power measurements at frequency 140 GHz,
with a frequency span of 1 MHz around the center fre-
quency, using 501 frequency points and averaging factor
4. With the measurement bandwidth set to 100 Hz, the
sweep duration of 1 measurement is 19 ms. From the
measured received power we calculate PL via (2), with Prx
the transmit power, G the total antenna gain and Prx the
received power which takes into account the conversion loss
calibration data of the harmonic mixer.

PL[dB] = Prx[dBm] + G[dBi] — Prx[dBm] 2)

The frequency-dependent conversion loss of the mixer
is obtained from calibration data, provided by the mixer’s
manufacturer. The frequency-dependent gain variations of
the TX and RX antennas is fixed and taken into account
by performing reference measurements. The uncertainty of
the measurement setup is therefore only defined by the
uncertainty of the harmonic mixer.

B. Measurement environment

We performed LOS measurements along seven tracks in
a suburban outdoor environment, at a university campus
in Ghent, Belgium. The location of the different tracks is
shown in Fig. 2, in which fixed TX antenna locations are
visualized by red circles, and the directional RX antenna
moves away from the TX antenna in steps of 1 m, along
the purple arrows. The antenna separations range from 2 to
95 m and both TX and RX antennas are placed at a height
of 1.2 m. Both antennas are leveled and aligned, i.e., the
RX antenna points towards the TX antenna.

Fig. 2: Floorplan of university campus with different mea-
surement tracks.

For distances up to 60 m, a full angular scan is performed
every 10 m, by physically rotating the RX antenna over 360°
in steps of 12°, which corresponds to the RX antenna’s
HPBW in the azimuth plane.

C. Line-of-Sight path loss modeling and angular channel
characteristics

The measured LOS PL values of the seven tracks are
fitted to the single-frequency floating-intercept (FI) model
from (3), with d the distance in meters, PLq(f) the refer-
ence PL in dB at 1 m, n(f) the PL exponent, and X, the
shadow fading term in dB, based on the 95% percentile of
a zero-mean normal distribution with standard deviation o.

PLFI,dB(d) = PLO + 10n10g10 (d/]m) + Xo (3)

Based on the angular PL. measurements, we analyze the
angular characteristics of the outdoor channel. We calculate
root-mean-square (RMS) angular spread (AS) via (4), with 6
the angle of arrival in degrees and Prx(6) the corresponding
linear received power.

ASpor =

S Px(0) 02 (3, Pex(8) -0\’
>, Prx(0) (zepr(e)) @

III. RESULTS

A. Channel sounder validation

The measurement system is validated over the full
60 GHz bandwidth of the D-band by performing reference
measurements in the lab, where the walls and possible
reflective objects are covered by absorbers, as can be seen
in Fig. 1. For the validation measurements, the distance
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Fig. 3: Validation measurement results, with a distance of
2 m between the transmit and receiver antenna.

between the antennas was 2 m. From the measurement
result, visualized in Fig. 3, we see a measurement error
exceeding 25 dB for frequencies below 120 GHz and
above 165 GHz. This error is caused by a deviation of the
antenna gain of the TX antenna, which is reported in the
antenna’s datasheet. Therefore, the sounding setup is only
validated for frequencies ranging from 120 to 165 GHz. The
root-mean-squared-error (RMSE) between measured PL and
FSPL is 1.96 dB, and is caused by the frequency-dependent
gain variations of the TX and RX antennas, and the cable
losses. When using shorter cables, with a loss of just 0.7 dB
for frequencies ranging from 9 to 14 dB, i.e., the IF output
of the harmonic mixer, the RMSE decreases to 1.50 dB. We
use the validation measurement results as correction data,
i.e., for every frequency we store the offset of measured
PL and FSPL. This offset can be added to the measured
received power during the channel measurements over the
full band. At 140 GHz, the offset is 0 dB.

B. Line-of-Sight path loss

Fig. 4 shows the measured PL samples at 140 GHz
for the different measurement tracks, as well as the fitted
model evaluated at 140 GHz. Fitting the measured LOS PL
samples to the FI model from (3) results in PLy = 80.7 dB
and PL exponent n = 1.88. The RMSE between the fitted
model and measured samples is 1.45 dB, which results in
a shadow fading term y, of 2.4 dB. The coefficient of
determination of the fit R? is 0.955.

C. Angular spread

Fig. 5 shows the measured PL as a function of angle
of arrival (AoA) and distance, for measurement track 1.
Apart from the clear LOS path, some strong reflections are
present, e.g., for AoA 50° at 10 m, and for AoA 156°
at 30 m. Fig. 6 shows the angular spread values for the
different distances and measurement tracks. Angular spread
values range from 8° up to 43°, with a mean angular spread
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Fig. 4: Measured Line-of-Sight directional path loss in dB

at frequency 140 GHz as a function of distance.
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Fig. 5: Path loss at 140 GHz as a function of distance (x-

axis) and angle of arrival (y-axis) for measurement track
1.

of 19.7°. For track 1, which is a track parallel to a 12-story
building, at distance 6.2 m from the building’s facade, the
angular spread values are higher, due to the strong building
reflection. For track 2, the angular spread clearly increases
for higher distances, i.e., when the RX antenna is close to
the building opposite to the TX antenna. Tracks 6 and 7
are in a more open environment, which explains the lower
angular spread values. The low angular spread values for
distances below 10 m are explained by the relatively larger
path lengths of the reflected paths, compared to the small
direct path distance.

IV. CONCLUSION

In this paper, we have investigated the outdoor radio
channel at 140 GHz, using a spectrum analyzer-based
channel sounder capable of characterizing the D-band for
distances up to 100 m. After a validation of the channel
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Fig. 6: Angular spread as a function of distance, for the
different measurement tracks.

sounder in the lab, LOS measurements were performed in
a suburban environment along multiple measurement tracks
and fitted the measurement samples to a FI PL model.
By performing a full angular scan at certain distances, an
angular path loss model is obtained and angular spread
values are calculated.
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