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Abstract—A need for measurement data for frequencies above
100 GHz has increased. In this paper, we present the measurement
system for millimeter wave frequencies (30–300 GHz). It is based
on Keysight PNA-X vector network analyser with frequency
extenders mounted on custom built 3-axis rotation stages (both
the transmitter and receiver sides). We present some initial results
from measurements conducted in an office corridor. Both line-
of-sight (LOS) and non-LOS (NLOS) cases are included in the
measurement set-ups. The results show that in all cases the
channels are sparse with clear clusters from large reflecting
surfaces, such as walls and floors. The measured power levels are
rather strong indicating relatively low reflection losses. While the
channels were sparse, there were still typically relatively large
numbers of distinguishable paths. The numbers of observable
paths as well as the delay spread of the channel increase with
increasing beamwidth.

I. INTRODUCTION

The evolving beyond fifth generation (B5G) and sixth gen-
eration (6G) communications systems will extensively use mil-
limeter wave (mmWave, 30–300 GHz) frequencies to obtain the
extremely large data rates [1]. These frequencies offer multi-
gigahertz bands for communications that enable tens of Gbps
data rates even with relatively simple modulation schemes, or
more towards the terahertz frequencies (300 GHz – 10 THz).
The mmWave and especially +100 GHz frequencies are mostly
usable on short range communications in the terrestrial context.
However, there are examples of practical demonstrations on
long distance backhaul links at 300 GHz [2]. Moreover, satellite
communications is also an interesting use case for mmWave
and THz communications in some situations [3].

The problem of the mmWave and THz frequencies are the
high channel losses that limit the communications range [4].
Thereby it forces to utilize high gain antennas to maintain
operational signal-to-noise ratio (SNR) levels. On top of this,
the penetration losses in the mmWaves tend to be very large,
in practice preventing communications through thick objects,
humans, etc., depending on the material and frequency [5],
[6]. The large channel losses and high gain antennas cause
the mmWave channels to be sparse in terms of the number
of multipath components. The sparsity of the above 100 GHz
channels has been shown in various channel measurement
focused papers [7]–[17].

This paper focuses on initial indoor channel measurements
performed at the D band (110–170 GHz). This band is located
in the middle of the mmWave band and is among the higher
end frequency bands for the upcoming B5G and 6G systems for

the high capacity applications. There are some indoor channel
measurement papers specifically around the D band frequencies
[13]–[17]. The findings are line to ours herein: There are plenty
of propagation paths at the above 100 GHz frequencies, but the
channels tend to be sparse and the high gain channels come via
large reflecting surfaces, such as walls.

We describe the newly developed channel measurement
system at University of Oulu. The system is capable on channel
measurements up to 330 GHz frequencies, covering the entire
mmWave band. We give some preliminary data and analysis
results from an initial measurement campaign done in an office
corridor at the University of Oulu. The measurements were
made at the D band in two locations, one with a line-of-sight
(LOS) path between the transmitter (Tx) and the receiver (Rx),
and one in full non-LOS (NLOS). The measurements show that
the channels are very sparse even in rather small and closed
environment. The main energy sources outside the LOS path
come from large reflecting surfaces, namely, the walls and the
ceiling. The visible paths are highly clustered with only a few
distinguishable sources of reflected energy.

II. MEASUREMENT SYSTEM

The channel sounding measurement system at University of
Oulu is composed of three fundamental elements: Keysight
PNA-X network analyser, Virginia Diodes Vector Network
Analyzer Extension Modules (VDI VNAXs), and custom 3D
rotation stages. The measurement system in action is shown
in Fig. 1. This picture was taken during the measurement
campaign presented in more detail in the next section. Here
we can see the Tx and Rx modules mounted on rotation stages
and a more detailed illustration of the rotation stage in the
bottom left corner. The PNA is hidden behind a corner out of
reach of LOS and NLOS paths to avoid unwanted reflections
from the measurement devices.

Keysight PNA-X is natively capable of measuring frequen-
cies up to 67 GHz. The frequency range can be further extended
up to 1,500 GHz with VDI VNAXs. University of Oulu has
frequency extenders up to 330 GHz. In the results herein, we
use VDI WR6.5 VNAX system (Tx and Rx modules) that has
frequency range from 110–170 GHz with about 25 dBi antenna
gain per side using Pasternack’s PEWAN1028 WR-6 horn
antennas. These horn antennas have a half power beamwidth
(HPBW) of 10 degrees in azimuth (Az) and 9 degrees in
elevation (El). The ideal dynamic range of VDI WR6.5 VNAXs



is about 115–120 dB. In practice the cable losses and mea-
surement specific settings, such as frequency range, resolution,
and measurement range decrease the measurable dynamic range
considerably. For instance, in the measurements shown in this
paper with minimum distance of 4.2 meters between the Tx and
Rx, we saw a dynamic range of about 35 dB when accounting
for the minimum path loss on LOS path.

The rotation stages are custom made. They are designed to
enable a full 3D spherical scan of the measurement environ-
ment: 360 degrees in azimuth and 180 degrees in elevation
at a minimum of 0.005 degree resolution. In practice, some
limitations on the elevation/azimuth angles are imposed by
need to protect the the low loss coaxial radio frequency (RF)
cables from twist damage. The angle resolution, on the other
hand, is limited by the vast number of Rx—Tx angle pairs
(Rx Az/El + Tx Az/El) that require a long scanning time, on
which the total scan range, angle resolution, and rotation speed
have a very high impact. For instance, if a single rotation step
with measurement of the impulse response would take about 2
seconds, full scan at both ends (360/180 degrees Az/El) with 5
degree resolution would yield about 7.3 million measurement
points and would take about 4000 hours. This limitation is
partially alleviated by doing a continuous scan at Rx. That is,
we let the Rx rotation stage turn continuously and we take the
samples on the fly. With limited angle range and resolution,
about quarter sphere measurements were able to be completed
in about 9 hours per measurement position. More details on the
angular ranges are given in the next section.

The last piece of the puzzle is the software. We have created
a Matlab software to jointly control the rotation stages and the
PNA-X (with extenders). This is important in order to control
the impulse responses, associate those with the measurement
angles, and to capture the data. The final processing of the
data is done in an analysis suite coded on Matlab.

The advantage of this setup is the extreme flexibility it pro-
vides. The full spherical rotation stages give ability to scan in
practice any real-life communications scenario, or environment
with limitations on the path length coming from the cable
lengths (at the moment 5 meters per side). Furthermore, we
can measure various channel statistics, such as path loss and
power delay profiles among others.

III. MEASUREMENT SETUP

The initial measurements with the above described new
measurement system were conducted in an office corridor of
CWC at University of Oulu as depicted partially above in Fig.
1. The exact measurement geometry along with angular ranges
and some large scale results are shown in Fig. 2. The Tx
was fixed at the shown location and two Rx locations were
adopted as per Fig. 2. Two Rx positions (R1 and R2) were
measured to study LOS+NLOS and pure NLOS responses of
the channel. The first measurement position R1 has fully open
LOS path as also shown in Fig. 1. The second measurement
position R2 sees the Rx in full NLOS to Tx. One challenge
of the measurement setup is that the 3D scan at Tx and Rx is
very slow (about 9 hours per Rx point with the setup herein).

Fig. 1. Illustration of the measurements devices in the measurement setup.

TABLE I
MEASUREMENT PARAMETERS

Parameter Value
Frequency 110–170 GHz
Total bandwidth 60 GHz
Sub-band bandwidth 15 MHz
Impulse response length 66.7 ns
Impulse response resolution 16.7 ps / 5 mm
Maximum distance 20 meters
Antenna gain (Tx/Rx) 25 dBi
Antenna 3-dB beamwidth 10◦ / 9◦ (Az/El)
Tx scan range at R1 -80◦ – 80◦ (Az), -40.5◦ – 40.5◦ (El)
Tx scan range at R2 -80◦ – 60◦ (Az), -40.5◦ – 13.5◦ (El)
Rx scan range at R1 -90◦ – 90◦ (Az), -40◦ – 45◦ (El)
Rx scan range at R2 -90◦ – 0◦ (Az), -40◦ – 45◦ (El)
Tx angle resolution 10◦ / 9◦ (Az/El)
Rx El angle resolution 5◦

This prevents very large data sets in a single measurements
campaign. Instead, those need to be aggregated over time and
multiple measurement campaigns in order to draw reliable
conclusions on the channel performance. However, even the
limited initial data shows some interesting and on the other
hand expected results on high frequency propagation.

The specific measurement setup was as follows. We utilized
VDI WR6.5 WNAX to measure the entire D band in these
measurements. As the time required for the entire Tx/Rx 3D
scan is very high, the scan time was limited to 66.7 ns per
impulse response (with 4001 samples per impulse response).
This corresponds to 20 meter maximum measurable distance.
Similarly, the Tx and Rx scan ranges were limited to the
angular ranges shown in Table I and illustrated in Fig. 2. The
Tx was set to scan the Az/El range discretely with 9 degree
resolution in elevation and 10 degree resolution in azimuth, i.e.,
the maximum allowed by the HPBW of the horn antennas. The
Rx, on the other hand, did a continuous scan in azimuth with
an average impulse response separation of about 10 degrees
and fixed 5 degree resolution in elevation.

Fig. 2 shows some large scale results in both measurement
positions R1 and R2. The results are calculated by stacking
all Tx angular impulse responses together and analysing the
maximum relative received sample energies in dB as a function
of the Rx azimuth and elevation angles. Both of these figures
show sparsity of the available channels. It should be noticed
that the large empty portions in the azimuth domain come



Fig. 2. The measurement environment and geometry including general illustration of the received powers as a function of the Rx angles with illustrations
where the responses originate from.

from the corridor where the PNA is located (see Fig. 1). This
part of the corridor is not visible from Tx but is scanned by
the Rx at azimuth angles -20 degrees downward. The major
uninterrupted surfaces, walls and ceiling, are the main sources
of reflected energy. Interestingly, the floor contributed very little
energy in the measurements even if the angular ranges allowed
single and double bounce paths via floor and floor-wall paths
between the Tx and Rx. However, for some reason the textured
plastic surface either absorbed or scattered the energy, or both,
to below or barely above the noise floor.

It is noteworthy to point out that there is a theoretical
diffraction path between Tx and Rx at position R2 that is also
shown in Fig. 2. However, studying the Tx angles producing
energy at zero degree angle at Rx (pointing towards the corner)
is in fact coming from the wall right next to the Tx (shown
in figure as well). Thus, in practice all the observed paths are
caused by reflections via the walls and ceiling, or combinations
of those. It should further be noticed that the Tx is located
higher than the Rx, at about 10 degree angle looking from the
Rx. Therefore, the majority of the strongest paths lie within
about 10 degree elevation angle at the Rx side. In the next
section, we give more detailed, albeit initial analysis on the
propagation paths in this environment.

IV. NUMERICAL RESULTS

In this section, we analyse the propagation paths, the number
of those, and power delay spread of the above depicted office
corridor. Fig. 3 shows the aggregated normalized impulse
responses at the Rx in Rx position R1 as a function of the Rx
azimuth angle. The normalization was obtained by dividing the
frequency responses of different measurement points with that
of the LOS path. Then, aggregation was done by summing up

1)

2)

3)

4)

5)

6)

1) LOS response

2) Direct roof reflection

3) Righ-hand wall reflection

4) Right hand wall + roof reflection

5) Left hand wall reflection

6) Left-hand wall + roof reflection

Fig. 3. Aggregated impulse responses as a function of the Rx azimuth angle
in the Rx position R1 (LOS). The measurement room geometry was given in
Fig. 2.

the corresponding impulse responses. This then gives compara-
tive path gains seen at the Rx. The summing also increases the
noise level quite a bit. Therefore, in the further path analysis,
the summing is replaced by maximum sample search. More
details on this is given below. Fig. 3 gives therefore the full
image of the channel at Rx as a function of the azimuth angle
and delay. Comparing Fig. 3 and 2, we can see that all the
propagation paths come via LOS, and wall and wall+ceiling
reflections. These are illustrated in Fig. 3. Here the right hand
wall, for instance, means the wall on the right-hand side of the
Tx when looking the corridor floor print from the ceiling as in
Fig. 2. All in all, the channel is very sparse with clear clusters
from the main reflecting surfaces, besides the floor that did not
show large contribution.

Figs. 4 and 5 further give the fully aggregated impulse
responses of Rx positions R1 and R2 as a function of the delay
(in meters). In order not to aggregate the noise level, these total
impulse responses are calculated by searching the maximum
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Fig. 4. Aggregated impulse response over all the measured angles at Rx
position R1.
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Fig. 5. Aggregated impulse response over all the measured angles at Rx
position R2.

samples among all the impulse responses. This caps the noise
power at maximum possible noise level and gives the maximum
dynamic range. The reason for doing a maximum search is
that there is huge amount of data and vast majority of that
is just noise. Thus, averaging over the impulse responses just
emphasizes the noise. By finding the maximum sample values,
we can better find those weak signal components that are barely
above the noise level. We can see that vast majority of the
paths come from close-by walls and ceiling via single or double
bounce. The longer paths outside of the main cluster are multi-
bounce reflections, but those are very rare and close to noise
level. The aggregated impulse response is then thresholded by
taking the median sample strength and adding 4 dB margin to
exclude noise samples. After this, an algorithm searches for
the peak values that are separated by least 0.033 ns (or 1 cm)
in delay domain. Notice that the sample interval is about 0.5
cm, and thus 1 cm separation ensures that the samples are
separable. As a result, the measurement position R1 sees a total
of 46 distinguishable paths with power delay spread of about 12
meter or 40 ns, and position R2 sees 41 paths with power delay
spread of about 5 meters or 16.7 ns. This shows that the most
of the paths come from large clusters. However, the position
R2 is clearly more sparse in angular domain as it can be seen
in Fig. 2. Next, we look into the average numbers of paths
and delay spreads seen by narrow beams. Those show larger
differences between the two positions in terms of the average
number of visible paths as a function of the beamwidth.

In the discussion above, we looked into the fully aggregated
impulse responses. This corresponds to a case where we are in
a maximally omnidirectional mode, and we see all the propa-
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Fig. 6. Average number of paths and delay spreads from Tx to Rx position
R1 with aggregated Rx angles and varying beam width (El×Az) at the Tx.
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Fig. 7. Average number of paths and delay spreads from Tx to Rx position
R1 with aggregated Tx angles and varying beam width (El×Az) at the Rx.

gation paths simultaneously. Figs. 6 to 9 look into the average
number of paths when we limit the field of view of the Rx or
Tx. Figs. 6 and 8 aggregate the Rx angles and look into the
impulse responses as functions of the Tx elevation and azimuth
angle ranges, and same for Figs. 7 and 9 with aggregated Tx
angles and variable Rx angle range. By aggregating the other
end and sweeping through the data by aggregating only subset
of the angles, we can see how the number of paths behave in
average for different beamwidths. The minimum angle range
is given by the horn antenna HPBW, that is, 9/10 degrees for
El/Az. The rest of the angular combinations are obtained by
interpolating the data over the desired angle range and sweeping
over all angles. Herein, 5 degree increments were utilized, i.e.,
the first angle range is 9×10 degrees (El/Az), the next one
is 14×15 degrees and so on. It should be noted that as all the
data is sweeped through, also all the paths are present in all the
angular points. However, as we take average over the obtained
paths, the narrower the beams, the less there are paths visible
in average. Similarly, the mean delay spread (in meters) was
calculated from the maximum observed delay spreads across
the sweeps. Therefore, the maximum and minimum delay
spreads are the same across all the angle configurations. But
since the longest possible path only appears at a single angle,
the mean delay spread is in general increasing with the antenna
field of view. The same happens for the average number of
paths. We can see that the delay spread of the channel increases
logically as the field of view is increased. However, there are
some variations to the delay spread that mainly come by chance.
This is dependent on the positions of the Tx and Rx, as well
the geometry of the environment. As mentioned above, to draw
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Fig. 8. Average number of paths and delay spreads from Tx to Rx position
R2 with aggregated Rx angles and varying beam width (El×Az) at the Tx.
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Fig. 9. Average number of paths and delay spreads from Tx to Rx position
R2 with aggregated Tx angles and varying beam width (El×Az) at the Rx.

final conclusions on the channel behavior, more data is required
in the future to decrease the randomness of the channels as a
whole. However, these results give very similar output as the
many other mmWave and especially +100 GHz measurements
so far: There are a lot of paths, but very few in average if we
look at a narrow subset of the angles. Furthermore, it is clear
that the paths are highly clustered due to the geometry of the
surrounding environment.

V. CONCLUSION

We gave a description of the University of Oulu channel mea-
surement system in this paper along with some initial results
on D band in an office corridor in LOS and NLOS positions.
The results show that the channels in this environment are very
sparse even if the distances are quite short and the walls are
close by. The most of the energy at the Rx is provided by
the large reflecting surfaces. This is shown as clear energy
clusters. Whereas there are decent numbers of total paths, the
average number of available paths with small angular spread is
very small, that is, when utilizing high gain narrow beamwidth
antennas. These are inline with various previous measurement
campaigns on +100 GHz frequencies. There are a lot of possible
paths between the Tx and Rx, but only a small subset of those
are visible with narrow beamwidth antennas. All in all, large
surfaces provide relatively low reflection losses that make the
visible NLOS paths very much suitable for communications.

In the future, we have plans for many measurement cam-
paigns on the frequency range from 100–300 GHz. While the
measurements herein add to the body of knowledge, these only
represent an initial view into the channels. More data in indoor
locations are required to derive reliable channel models. Still,

the results here show high similarities with other mmWave
measurements conducted elsewhere and confirm that the mea-
surement system works well and as expected. Therefore, these
results are appended with vast amounts of data in the future
measurement campaigns to be conducted at University of Oulu.
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[7] P. Kyösti, M. De Guzman, K. Haneda, N. Tervo, and A. Pärssinen, “How
many beams does sub-THz channel support?” IEEE Antennas Wireless
Propag. Letters, pp. 1–5, Oct. 2021, early Access.
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