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Abstract—The large swaths of bandwidth available in the
THz band (0.1-10 THz) make it an ideal candidate to meet the
ever-increasing data rate demands for upcoming applications.
However, detailed channel sounding measurements are required
before an eventual deployment of THz band communication can
be considered. Keeping this goal in mind, in the current paper
we present double-directional channel measurements in the 140-
141 GHz range in an urban environment on a linear route for
distances up to 15 m. Using our results, we analyze how key
channel parameters change as we move from short to longer
distances. These measurements allow us to take another step
towards creation of detailed THz channel models.

Index Terms—Terahertz (THz) communication, urban sce-
nario, double-directional channel measurements, linear route

I. INTRODUCTION

Many recent and upcoming applications such as 3D vir-
tual reality have such high data rate requirements that their
deployment is beyond the capabilities of mmWave-based 5G
communication networks [1]. This has motivated the wireless
communication community to turn towards higher frequencies
specifically in the THz band (0.1-10 THz) since large swathes
of bandwidth in this band are currently unused. Many recent
studies have explored 0.1-0.5 THz ( [2]-[8]) in more detail
since this portion of the THz band is envisioned to be a part
of 6G wireless systems [9].

Communication in the THz band faces a number of chal-
lenges in terms of higher isotropic path loss and shadowing.
Moreover, while the path loss may seem large, higher fre-
quencies allows us to pack a larger number of antennas in a
reasonable form factor thereby allowing higher antenna gains.
Apart from these effects, the propagation characteristics of
THz band are not well known since they are highly dependant
on the environment the signals traverse through. Therefore, in
order to properly analyze the band a large number of channel
measurements are needed in various key application scenarios.
By allowing experimental licenses in low-THz band, Federal
Communication Commission (FCC) is trying to encourage
further exploration of the THz band by means of channel
measurements [10].

Most existing measurement-based studies in the THz com-
munication are concentrated on short-range indoor scenarios
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(<5 m) [8], [11]-[14]. Extensions to larger ranges, which are
in particular of interest for outdoor hotspots and picocells, have
been hampered by limitations of the measurement equipment.
Using a custom frequency-domain setup, we were able to
conduct the first double-directional channel measurements
over much larger distances (around 100 m) in the THz band
[15] and explored several further outdoor device-to-device
channels in our subsequent study [16]. Both of these papers
used quasi-randomly located transmitter (Tx) and receiver
(Rx) to investigate environments with specific properties, e.g.,
vegetation scattering, or reflections from building structures.
In contrast, the current paper leaves the Tx at a fixed location
and moves the Rx on a linear route to investigate the changes
of propagation effects and channel properties as a function
of distance in the same outdoor urban environment. More
specifically, we conduct 4 double-directional measurements
with distances of 1 m, 2 m, 5 m and 15 m between Tx and
Rx. Furthermore, we also conducted the measurements with
3 different elevations at each measurement point to see how
the multipath environment changes with elevation differences.
We analyze our measurements in terms of angular power
spectrums (APSs), power delay profiles (PDPs), as well as
path loss and multipath component (MPC) richness.

The rest of this paper is organized as follows. The mea-
surement setup and site are described in Section II. Section
IIT highlights our major results for the current measurement
campaign. The manuscript is finally concluded in Section IV.

II. MEASUREMENT EQUIPMENT AND SITE
A. Testbed description

Our current work is based on a frequency-domain setup
that is shown in Fig. 1. The basic principle of this channel
sounder revolves around frequency extension of a vector
network analyzer (VNA) signal into the THz domain by means
of frequency multipliers. We use a RF-over-fiber (RFoF)
connection between VNA and frequency extender to allow
the placement of the Rx beyond the distance limitations of
a typical VNA-based THz channel sounding system (< 10
m). This design is similar to the one discussed in our previous
work [15] with the difference being that we currently use an
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Fig. 1: Channel sounding setup.

integrated RFoF unit to improve the robustness of the design.
We use time-gated over-the-air (OTA) calibrations to calibrate
the system.

Both Tx and Rx use horn antennas to enhance the SNR
and at the same time limit the MPCs to a particular angular
range; mechanical rotation of the horn antennas provides
the double-directional channel characteristics, i.e., the transfer
function (or impulse response) for each combination of Tx
and Rx direction [17]. Due to the measurement principle of
mechanically rotating antennas, every measurement lasted for
several hours; measurements were done at night to ensure
that no movement of people or vehicles was present in the
environment. Further details about the setup can be found in
[15].

B. Site description

As discussed earlier, the chosen scenario and the environ-
mental characteristics are themselves a very important factor in
any channel sounding campaign. For the current measurement,
we investigate an outdoor urban scenario. Specifically, our
environment is located at the entrance of the Vivian Hall
of Engineering (VHE) building on the USC University Park
Campus, Los Angeles, CA, USA. It is an open space area with
interspersed pillars (see Fig. 2). There are concrete walls and
glass doors towards the North and South of the measurement
area. The East side faces low height buildings and a wide
street while the West side faces an open area (quad) with
several chairs, tables, trees, and a water fountain at a distance
of around 50m from the measurement area (this is the side
shown in Fig. 2 (b)).

The reported campaign consisted of 4 measurements on a
linear route with a fixed Tx and Rx at various distances up
to 15 m (Fig.2). For all links, the height of the Tx and Rx
was fixed at 1.65 m to emulate typical device-to-device (D2D)
communication links. Both the Tx and Rx were placed on
paved ground.

C. System configuration

For this experiment, the measurement parameters, acronyms
and nominal values are described in Table I. The number of
frequency points per sweep is 1001 over the 1 GHz bandwidth
resulting in 1 MHz of frequency resolution, 1us of maximum
excess delay or 300 m of maximum measurable distance.
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(b) Site image.

Fig. 2: Measurement scenario description.

TABLE I: Setup parameters.

[ Parameter | Symbol [ Value ]
Measurement points N 1001
Tx/Rx height h7rz/Re 1.65 m
Tx/Rx LoS distance dre/Re [1,2,5,15]
Start frequency fstart 140 GHz
Stop frequency fstop 141 GHz
Bandwidth BW 1 GHz
IF bandwidth IFpw 10 KHz
THz IF fTHzIF 279 MHz
Antenna 3 dB beamwidth | 034p 13°
Tx rotation range Traz [0°,360°]
Tx rotation resolution ATz Az 10°
Rx Az rotation range Rxaz [0°,360°]
Rx Az rotation resolution | ARx sz | 10°
Rx El rotation range Rxpr, [80°,100°]
Rx El rotation resolution | ARxgyp | 10°

Given the scenario, the maximum distance is enough to capture
the channel behavior.

The positioners (rotors) were set such that the angle of 0°
for both the Tx and the Rx corresponds to the line of sight
(LoS) for all points over the route. The Tx scans over a single
elevation cut (¢, = 90°; ¢, = 0° is defined to be in the
zenith) from 0° to 360° with a 10° angular resolution. For the
Rx, three elevations cuts (¢r, = 80°,90°,100°; ¢pr, = 0° is
again defined to be in the zenith) are taken and at each of these
elevations a full azimuth scan is done similar to Tx. Since we
have a single elevation cut at the Tx, the use of term ¢, is
redundant and is therefore not used further.
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Fig. 3: Omni-directional PDPs for different elevations.

III. MEASUREMENT RESULTS

Before moving on to analyze the results, we define some of
the key terms used herein. A calibrated (using the OTA cal-
ibration) “directional” channel frequency response is denoted
as H(f,0rz,0R., ®r.). Directional PDP for each direction is
computed as

P(’T, 9T§v7 0Rm7 (bRxa d) = |]:;1{H(f7 9T{E7 9Rx7 (bRxa d)}‘ga
(1)
where F 7 ! represents Inverse Fast Fourier Transform (IFFT)
with respect to f, 07, is the Azimuth direction for Tx horn,
0. is the Azimuth direction for Rx horn, ¢, is the Elevation
angle for Rx horn, and d is distance between Tx and Rx. As a
final processing step, noise and delay gating is applied to the
PDP when calculating additional parameters similar to [18].
Here, 7444 is set to 666.67 ns (i.e. 200 m) and for P, we set
the value to be 6 dB above the noise floor of the PDP.
To observe the channel behavior from an “omni-directional”
perspective, we reconstruct the omni-directional pattern from
a MIMO capture by selecting the direction of the highest

contribution per delay bin similar to [16], [19] as

Pomni(7—7 ¢R:E7d) = gmax P(TaeTmeRIa¢Ra:7d)-

T2,0Ra @
Using the functions previously described, we compute the root
mean square (RMS) delay spread, angular spread and MPC
power distribution as follow
1) The delay spread is calculated as the second central
moment of the PDP [20]. Note that we can define
a directional delay spread that is associated with a
particular directional PDP, as well as an omni-directional
delay spread that is derived from the reconstructed omni-
directional PDP.
2) We compute the APS as

APS(GTa:aHRxaQSRxad) = ZP(T, oTxvosz¢Rxad)

3)

3) With the APS, we compute the angular spread by using
Fleury’s formula [21].

4) Using the omni-directional and the strongest beam di-

rectional PDPs for an specific distance d, we proceed

to detect the major MPCs and sort them in descending
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Fig. 4: Angular power spectrum for ¢, = 90°.

order of power to analyze the percentage of power with
respect to the total power of the PDP.

> b))
where ¢ can be omni-directional or the direction of the
strongest power (Best beam). The numerator represents
the power of the “K" strongest MPCs and the denomi-
nator is the total power of the PDP.

5) Using the omni-directional, directional PDP, the path
loss is computed as follows:

PLi(d) =) Pi(r,d),

“4)

&)

where d is the distance between Tx and Rx.

The explained procedure was used for all points on the route.

A. Power delay profiles

The omni-directional PDPs for all the elevations and various
distances are shown in Fig. 3. Looking at these, we make the
following key observations:

o The major component in each case corresponds to the
expected link distance, i.e., describes the LoS. This is
an important test for the analysis and shows that the
measurements and the sounding system are operating
properly. The power for the major component decreases
as the distance increases which is to be expected.

e ¢ry = 90° has the highest power for the major compo-
nent in all the cases. Since both Tx and Rx are at the
same height, ¢r, = 90° corresponds to the case where
both the Tx and Rx are directly looking at each other.
The difference is highest ford = 1 mand d = 2 m
links since the beam is not as spread as is the case for
d= 5mand d= 15m links.

o Multipath richness increases as the link length increases
since the ratio for power of the major component with

respect to other subsequent components decreases. There-
fore, we see the highest number of components in the
d = 15 m case.

Apart from the LoS component, the other components in
Fig. 3 correspond to the pillars and building structures in the
environment. More can be said about their exact positioning
by means of APS analysis.

B. Angular power spectrum

The APSs for ¢p, = 90° ford = 1 mand d = 15 m links
are shown in Fig. 4. In these figures, we see that for both the
cases the strongest components are received around the LoS
with higher power for the 1 m cases which is expected from
Fig. 3 as well. Apart from the LoS, strong reflections from the
concrete walls behind the Tx and Rx also contribute significant
components. The pillars on the site (see Fig. 2) correspond
to the other visible components. A lack of components in
the rest of the APS shows that environmental objects other
than building structures (such as vegetation) are not significant
reflectors at the measured frequency. These result agree with
the findings of [15], [16].

C. Angular spread

We expect angular spread to be small when Tx and Rx
are close and for it to increase as the Rx moves away from
the Tx. This is because the transmitted beam gets a chance
to spread further from its central concentration as the link
distance increases. From an elevation perspective, larger values
should be expected where ¢r, is other than 90° since the
maximum LoS power concentration will be seen by the ¢, =
90° elevation cut. Table II summarizes the values for angular
spread. The results we see therein are generally in line with
the expectations we just discussed. We also note that while
the angular spread for ¢r, = 90° increases gradually as the
distance increases from 1 to 2 to 5 m, the d = 15 m case
shows a significant jump. In this case, environmental objects
surrounding the Rx such as pillars, and back walls have power
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TABLE II: Angular Spread per location

[ Link Distance [ 1m [ 2m [ 5m [ 15 m |

dRx = 80° 0.18 | 024 | 032 | 0.73
dRx = 90° 0.14 | 021 | 029 | 0.75
dRx = 100° |[ 0.17 | 023 | 03 | 0.68
dTx = 90° 02 | 024 ] 038 | 057

levels comparable to the LoS power; something that is also
visible in 4 (b).

D. RMS delay spread

For the RMS delay spread, the directions where the Tx
and Rx are facing each other should show smaller values
compared to other directions since they represent the smallest
delay spread. Fig. 5 shows the values for RMS delay spread
for all the azimuth directions when Rx is set at ¢r, = 90°
for the d = 1 m and d = 15 m case. As anticipated, the
LoS directions show the smaller values of RMS delay spread
(approx. -85 dBs), whereas in other directions the values can
be up to -65 dBs ! Given the environment, Tx has a back wall
at 3 m from it, therefore, a strong reflection is obtained when
the Tx looks back and Rx looks towards Tx; this effect can
also be observed in Fig. 4. For the case of d = 15 m, given
the fact that Tx and Rx are far away, the LoS contribution is
reduced in comparison to the MPC as seen from the PDP in
Fig. 3 (d). As a consequence, there are additional directions
where the RMS delay spread shows small values, for example
in (07, = 0°,0r, = 180°) (corresponding to the wall located
behind the Rx).

E. Power distribution over MPCs and path loss

Path loss analysis for the route is shown in Fig. 6. For this
analysis, the power of the LoS bin of the "best beam", the
total power of the best beam, and the power of the omni-
directional reconstruction are used to compute the path loss.
As can be seen in Fig. 6, for the LoS bin case, the points are
close to the free space path loss showing a root mean squared
error (RMSE) lower than 1.81 dB. If we create a 3 sample
window to capture the LOS power, the RMSE is reduced to
0.75 dB. The proximity between the points and free space path
loss can be explained by the fact that the strongest components
are contained in the horizontal plain (§ = 90°). The difference
between the LoS bin and the omni-directional power is less
than 3 dB, indicating that the LoS component dominates the
total received power.

For the power distribution of the strongest MPCs, from
physical considerations we know that the best beam case
should give the higher concentration of power in the strongest
MPCs as compared to the omni-directional case. This concen-
tration reduces when the distance between Tx and Rx increases
because a higher number of strong MPCs are observed at
larger distances as seen in Fig. 3. Fig. 7 describes the dis-
tribution of power over the strongest MPCs, (K = 1 is the

I'The results are given on a dBs scale (as is common, e.;., in standardized
channel models); the spread on a linear scale is 107 10 je. -80 dBs
corresponds to 10 ns.

LoS MPC). For d = 1 m, the LoS MPC constitutes 95% of
the total power for both the best beam and omni-directional
cases, due to the relatively short link length. Comparing it
against d = 15 m, the concentration of power in the LoS
MPC is reduced to 70% for omni-directional case due to a
higher number of MPCs.

IV. CONCLUSIONS

In this paper, we analyze the results of a double-directional
channel measurement campaign conducted on a linear route
in an urban environment at 140 GHz. Our results show how
various channel parameters such as RMS delay spread, and
angular spread change as the distance between the Tx and
the Rx increases. In the case of the angular spread, the
ratio between the beginning and the end of the route is
approximately 5 times. For RMS delay spread, there is a
strong correlation between the directions with high power
and low delay spread. For short distances, low delay spread
is highly concentrated in the LoS direction, however, as the
Rx move away from the Tx, additional directions with lower
delay spread can be identified. Path loss values show a close
agreement with free space path loss for these measurements.
Finally, the LoS MPC constitutes at least 70% of the total
power and this ratio increases when the distance is lower.
These results can offer insights into the design of future THz
communication systems.
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