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Abstract

This paper introduces a measurement setup and an evalu-
ation method for the characterization of the mobile radio
channel in the D-Band. The 2-dimensional system func-
tions in delay / frequency and time / Doppler frequency do-
main and the corresponding 1-dimensional power profiles
and spectra were derived and demonstrated with exemplary
indoor measurements. The proposed method is valuable for
6G communication and sensing applications in particular.

1 Introduction

The measurement and the modeling of the wireless radio
channel is crucial for design and optimization of wireless
communication systems as well as for sensing and radar
applications. With the current trend to much higher carrier
frequencies up to 300 GHz and much larger transmission
bandwidths of several GHz, as it is for example envisioned
for the sixth generation of mobile communication systems,
this task becomes more challenging. Current state-of-the
art channel models cover just the frequency range up to
100 GHz [1] and thus there is a large interest in conduct-
ing channel measurements and creating channel models -
both for communication and sensing. So far, the measure-
ments focus on the observations of static channels - mainly
due to restrictions in the measurement hardware (channel-
sounder) and even the established channel models [1] do not
rely on a solid base of mobile or time-variant measurements
for its upper frequency range. In this paper, we introduce
first exemplary results for measurement of the time vary-
ing indoor radio channel in D-Band (110 GHz - 170 GHz),
which expand channel observations in this frequency band
to the time and Doppler frequency domain for the first time.

2 The System Functions

The description of the time-variant or mobile radio chan-
nel by means of four 2-dimensional (2-D) complex valued
system functions was introduced by Bello [3] (see Fig. 1).
These system functions are defined with respect to two sets
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of conjugate variables or Fourier pairs (connected by the
o—e symbol): frequency f and delay 7 as well as time ¢ and
Doppler frequency v. Assuming the channel being a lin-
ear but time-variant system, such a system could be natu-
rally described by means of a time-variant channel impulse
response - known as Input Delay spread h(¢, ) or a time-
variant transfer function - known as Time-Variant Transfer
Function 7'(¢, f), which are both related by Fourier trans-
forms in the delay - frequency dimension. The Fourier
transform of A(¢,T) in the time - Doppler frequency do-
main leads to the Doppler-Delay Spread S(v, 7). The ad-
ditional Fourier-Transformation of S(v, 7) with respect to T
results in the Output Doppler-Spread H (v, f), which could
also be derived by Fourier transform of 7'(z, f) in the time -
Doppler frequency domain as illustrated by the transforma-
tion symbols in Fig. 1. Assuming a frequency-selective ra-
dio channel with multiple propagation paths, 7'(¢, f) shows
the highest variation of all system functions, due to the
joint effect of small scale fading and time-variance, whereas
h(t,7) and H(Vv, f) show variation in one dimension only
and S(v, 7) being the most stable representation. This sta-
bility is directly related to the magnitude of the system
functions being localized in prominent peaks (highest sta-
bility, as in S(v,t)), within discrete lines for h(z,7), and
H(v,f)) or showing no localization at all (lowest stability,
asin T(z, f)).

We derive a a set of real valued 1-dimensional (1-D) power
profiles or power spectra from the 2-D system functions by
power summation — denoted by Y P — or by power aver-
aging — denoted by P — across one respective dimension
of the system function, whereas the power is calculated
from the squares of the complex magnitudes (see Fig. 1).
Thus, the well known Power-Delay Profile p,(7) (see e.g
[2]) gives the expected power over T and can be calculated
from h(z,T) by averaging across time ¢ or by summation
over Doppler-frequency v in S(v, 7). In addition to py(7),
here we define also the further 1-D power functions: Power
Time Profile p, (), the Doppler Power Spectrum Sp(V), and
the Power Spectrum Sy (f). These power functions might
give a better insight on the properties of time-variant fading
channels, especially p,(r) and Sp(v), which do not include
an averaging over time.

Furthermore, the repeated application of power summation



of p,(t) and Sp(Vv) as well as the power averaging of p, ()
and Sy (f) will result in the overall mean received power or
the mean channel gain for the observed channel.
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Figure 1. The set of 2-dimensional system functions and
the corresponding 1-dimensional power functions.

3 Measurement Setup

The broadband measurement of the time-variant sub-THz
radio channel was performed using a fast time-domain
channel sounder, on the basis of commercial test and mea-
surement equipment, operating in the D-Band (110 GHz -
170 GHz). Here, “time domain” refers to a measurement
method, exciting the channel with broadband periodic sig-
nals and measuring the channel completely during one sig-
nal period, compared to the “frequency domain” measure-
ment method, probing one frequency point of the channel
transfer function after the other using continuous wave sig-
nals — usually utilizing a vector network analyzer. Histori-
cally, the time-domain method embodies direct correlation,
yielding channel impulse responses A(z, ), but it is imple-
mented fully digitally here. Since this approach is much
more flexible and allows for short measurement duration,
which means a higher temporal sampling of the time vari-
ant channel, this method is chosen here. With this model,
there is always a trade-off between measurement speed i.e
the maximum resolvable Doppler frequency (short mea-
surement duration) and the sensitivity i.e. dynamic range
(increases with long measurement duration) possible. Ad-
ditionally, the lower theoretical limit of the measurement
duration is the maximum access delay, which is not a con-
cern for most realistic scenarios.

At the transmitter side (TX) a vector signal genera-
tor (R&S®SMW200A with external frequency extender
R&S®FE170ST), transmitting a periodic Frank-Zadoff-
Chu correlation sequence [4] with 2 GHz bandwidth and
250 us length. A signal analyzer (R&S®FSW with fre-
quency extender R&S®FE170SR) was used on the receiver
side (RX) to sample and store the received signals. Syn-

chonization of both sides and triggering of the receiver was
implemented using two cables, whereas untethered oper-
ation is also possible using specific synchronisation de-
vices. The setup was controlled by a host-PC. The mea-
sured base-band signals are calibrated in frequency domain
with a back-to-back reference measurement (using a cali-
brated attenuator) yielding directly the Time-Variant Trans-
fer Function H (¢, f). The estimation of H (¢, f) and the fur-
ther data processing was done offline in MatLab®. Table
1 summarizes the technical parameters of the used setup,
which correspond to or exceed the current state of the art.

Table 1. Parameters of the channel sounder

Parameter Value and unit
Carrier Frequency 160 GHz
Measurement bandwidth 2 GHz
Sequence length (samples / time) 500,000 / 250us
Number of sequences 3200
Measurement time 800 ms
Temporal resolution 0.5 ns

Delay resolution 250 ps

Doppler resolution 1.25Hz
Frequency resolution 4 kHz
Maximum Doppler frequency 2 kHz
Maximum speed of receiver 3.6 m/s
Maximum speed of reflector 1.8 m/s
Maximum access delay 250 ps
Processing gain 57.0dB
Transmit power 4.5 dBm

Noise floor -125 dB

4 Data Processing

The output of the channel-sounder is the Time-Variant
Transfer Function T(z,f) sampled on a discrete time-
frequency grid. Thus, the other system functions (h(?,7),
S(v,7),and H(v, f)) can be calculated by means of discrete
Fourier transforms. Since the measurements were hard lim-
ited in time ¢ (by observation time) and frequency f (by
observation bandwidth), the conjugate dimensions (v and
T) are strongly affected by sidelobes, which could be sup-
pressed by an appropriate window taper function applied in
the time or in the frequency domain. The authors propose
the use of ultraspherical windows [5], which give full con-
trol of the sidelobe levels and its shape. Here, the minimum
sidelobe suppression was chosen to 70 dB according to the
observed dynamic range and a sidelobe taper parameter of
1, which gives a slight decrease of the sidelobes. Since
the sequence length is much larger as the observable max-
imum excess delay or Tpyax it could also be useful to apply
a window in the delay domain which suppresses all values
beyond Ty,x and thus reduces the noise in the conjugate do-
main i.e. the frequency domain. In practice, measurements
with low dynamic range and high path-loss, T'(z,F) and
Sy(f) could not be observed, without this type of noise re-
moval. The same applies for the Doppler-frequency domain



in a scenario with a limitation of the maximum Doppler-
frequency to |Vmax|. A windowing could suppress noise
in the time domain and for the corresponding Power De-
lay Profile p,(t). For this type of noise-removal a flat-top
window like a Tuckey window (cosine-tapered window) is
suggested. When applying the mentioned windows in the
four domains, a proper normalization, depending on the
magnitude or the energy of the pulse is required. Further-
more, an interpolation or oversampling in the delay or in
the Doppler-frequency domain could be performed, to al-
low for a better observation of peaks, especially for the 1D
functions Power-Delay Profile (p,(7)) and Doppler Power
spectrum (Sp(v)). The interpolation can be easily imple-
mented by zero-padding in the conjugate domains.

5 Experimental Measurements

A measurement campaign in a typical conference room sce-
nario was conducted to test the measurement setup and the
proposed evaluation method. The room had a size of ap-
prox 8m x 8m and was equipped with tables and chairs.
Two typical situations were tested: a bi-static scenario with
separated transmitter and receiver as is common for a wire-
less communication situation and a mono-static scenario
with transmitter and receiver at the same place as is typi-
cal for a radar or sensing application. Two different anten-
nas — vertical polarized open waveguide with 10.5 dBi gain,
and vertical polarized waveguide horn with 20 dBi gain —
were used. In the bi-static scenario the link distance was
3.8 m, with the antennas being aligned. In the mono-static
scenario, both antennas were directed towards an opposite
wall in 5.1 m distance, which was highly reflective due to a
metallic whiteboard. Both scenarios were measured includ-
ing longitudinal and transverse movements of a person.

6 Results

Fig. 2 shows T'(¢,f) as the direct output of the channel-
sounder for a bi-static communication type measurement
with open waveguide antennas on both sides and a person
crossing the link perpendicular in the middle of the link dis-
tance. One can clearly see the drop in power, caused by the
blockage, as well as a moderate frequency selectivity, re-
lated to multipath propagation. The blockage effect can be
well observed in the Power Time Profile (Fig. 3). Fig. 4
and Fig. 5 show the Input Delay Spread and the Power
Time Profile when using horn antennas on both sides and
the person is crossing the link close to the TX antenna. One
can recognize the stronger attenuation of almost 30 dB of
the blocking event, as well as the multiple echos from the
rectangular room in the Input Delay Spread Function. The
characteristic shape of the Power Time Profile corresponds
very well to the observations in the microwave range in [6]
and its modeling with the double knife edge and could be
subject to further investigations.  Fig. 6 and Fig. 7 show
h(z,7) and py(t) for a mono-static scenario using 20 dBi
antennas and a person crossing the direct link in the mid-
dle between TX and Rx and the opposite wall. The figures
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Figure 2. Time-Variant Transfer Function for 10.5 dBi an-
tennas and blockage by a person in the middle of the link
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Figure 3. Power Time Profile for blockage by a person in
the middle of the link
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Figure 4. Input Delay Spread Function for 20 dBi antennas
and blockage by a person close to TX

0 Power Time Profile

N & &
=] <3 <]
T T T

magnitude in dB

&
<3
T

200 400 600 800
time in ms

Figure 5. Power Time Profile for blockage close to TX



shows clearly the multipath channel with the strongest re-
flection at around 30 ns corresponding to the echo from the
opposite wall in 5.1 m distance. At around 600 ms the per-
son blocks the path to the wall and creates a new echo at
around 10 ns delay. Although the person walks perpendic-
ular to the main path, it creates some weak and mainly pos-
itive Doppler frequencies, which can be seen in the Output
Doppler Spread Function in Fig. 8 and also in the Doppler
Power Spectrum (not shown). A stronger Doppler effect
is expected, if the person moves transverse to the main
path. Fig. 9 and 10 show the corresponding Delay Doppler
Spread and Doppler Power Spectrum for this case (using
10.5 dBi antennas).
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Figure 6. Input Delay Spread, 20 dBi, crossing
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Figure 7. Power Delay Profile, 20 dBi, crossing
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Figure 8. Output Doppler Spread, 20 dBi, crossing
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Figure 9. Delay Doppler Spread, 10.5 dBi, approaching
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Figure 10. Doppler Power Spect., 10.5 dBi, approaching
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