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Abstract—Cooperative connected automated mobility depends
on sensing and wireless communication functions. With in-
creasing carrier frequency both functions can be realized with
the same hardware, however, the attenuation of radio signals
increases quadratically with the carrier frequency. Hence, link
setup becomes challenging in vehicular scenarios due to the
required beam finding process. In this paper we investigate the
multipath components of the vehicle-to-infrastructure (V2I) radio
channel in three frequency bands with center frequencies of
3.2 GHz, 34.3 GHz and 62.35 GHz using measurement data with
155.5 MHz bandwidth and a sounding repetition rate of 31.25µs.
The channel impulse responses are collected simultaneously at
all three carrier frequencies. Using the high temporal sampling
rate we apply the CLEAN algorithm, enabling the estimation of
the weight, delay and Doppler frequency of multipath compo-
nents. By analyzing the collinearity of the Doppler normalized
scattering function between the frequency bands we found that
the collinearity between the 3.2 GHz and 34.3 GHz band as well
as between the 3.2 GHz and 62.35 GHz is smaller in the non-line
of sight (NLOS) region but increases for the line-of-sight (LOS).

Index Terms—multiband, mmWave, wireless channel measure-
ments, wireless channel sounding, software defined radio

I. INTRODUCTION

Cooperative connected automated mobility relies on ex-
changing sensor data and traffic status information with other
road users and the infrastructure. The utilization of the mil-
limeter wave (mmWave) frequency bands enables an increased
bandwidth and the use of a single radio interface for sensing
and communication function. However, the high radio signal
attenuation requires beamforming which is challenging in
vehicular scenarios. At high-velocities, the beam direction
finding may take up a significant portion of the channel
stationarity interval, leaving insufficient time for link utiliza-
tion. Therefore, it is necessary to discover alternative methods
to reduce the training overhead in order to maximize the
achievable data rate.

A possible solution to reduce the overhead is to utilize
information acquired in another frequency band to aid the
link configuration in the mmWave band [1]. Although sub-

6 GHz bands typically allow for less bandwidth, they provide
more favorable propagation conditions, in particular showing
a lower isotropic free-space pathloss, and better blockage
resilience. Several recent multiband measurement campaigns
show that mmWave frequency bands have similar propagation
characteristics as sub-6 GHz frequency bands [2]–[7]. Hence,
channel state information of the sub-6 GHz band can aid
channel estimation and beamforming in the mmWave band.

The aforementioned papers perform mostly a statistical
analysis of similarities between different frequency bands; a
detailed path-wise analysis is often missing. To resolve the
individual multipath components (MPCs) and to obtain their
properties, the CLEAN algorithm, an iterative deconvolution
technique initially designed for image enhancement in radio
astronomy [8], can be applied.

Several publications [9]–[14] have either utilized or mod-
ified the CLEAN algorithm for various purposes. Earlier
versions of the CLEAN algorithm such as those introduced in
[9] and [10] are used to facilitate spatio-temporal distinction of
MPCs in ultrawideband propagation channels. A comparison
of two variants of the CLEAN algorithm to estimate MPCs in
an intra-vehicular propagation channel is given in [11].

A path parameter estimation algorithm with similarity to
CLEAN is proposed in [12]. The sub-grid CLEAN algorithm
is proposed in [13] and utilizes a two-step peak search i.e.,
a global coarse search followed by a fine sub-grid search
methodology for MPCs parameter estimation. The refinement
to peak estimation in the sub-grid CLEAN improves the
accuracy of estimated MPCs. In [14] serial interference can-
cellation is used to detect scatterers of a radar target in delay
and Doppler domain in a serial manner.

Contribution of the paper:

• In this paper we use the CLEAN algorithm to obtain
delay, Doppler shift, and path weight of the MPCs within
the three measured frequency bands at 3.2 GHz, 34.3 GHz
and 62.35 GHz.

• We compare the obtained delays, Doppler shifts, and
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Fig. 1. Overview of the measurement scenario [15]. A TX car approaches
a “T”-intersection and stops. The directive RX horn antennas are pointed
towards the road intersection. On the right side of the road there is a metallic
fence with metallic pillars and a transformer hut [2].

multipath weights between the frequency bands and
investigate their similarity by means of the Doppler-
adjusted scattering function. The results show that a high
similarity can be found between the frequency bands.
Finally, we demonstrate the dependency of the evaluated
intra-band correlation on the stationarity region length.

II. MEASUREMENT DESCRIPTION

In this paper we utilize the measurement results of a triple-
band measurement campaign [2] conducted in an urban V2I
scenario shown in Fig. 1 and described briefly here. A trans-
mitter (TX) car that is equipped with three omni-directional
antennas (see Fig. 2) passes by a static receiver (RX) (see Fig.
3) with three directive antennas mounted on a tripod and stops
at a road intersection. The transmitter trajectory is indicated
with cyan color in Fig. 2, the receiver position is indicated a
by yellow circle and the orientation of the directive antennas is
shown by white color. The directive antennas have a half power
beam width of approximately 17-19�. We use an orthogonal
frequency division multiplexing based channel sounder [16],
[17] to simultaneously obtain the channel transfer function
(CTF) at f0 = 3.2GHz, f1 = 34.3GHz and f2 = 62.35GHz.
The sampled time-variant CTF per frequency band is obtained
by

H[m, q; i] = H(mts, qfs; i), (1)

where m indicates the time index, q is the frequency index,
i 2 {0, . . . , I � 1} is the band index, ts = 31.25µs the
repetition time of the sounding signal and fs = B/Q is the
sampling rate in frequency. For these measurements we used
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Fig. 2. Transmit antennas mounted on car rooftop [2].
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Fig. 3. Receive antennas mounted on a pole of a tripod [2].

a bandwidth B = 155.5MHz with Q = 311 subcarriers (thus,
fs = 500 kHz). Coordinates of the TX are recorded with a
real-time kinematic global positioning system (GPS) receiver.
A detailed description of the measurement setup can be found
in [2].

III. PARAMETER EVALUATION

To obtain a detailed analysis of the CTF we use the CLEAN
algorithm to identify MPCs in each frequency band. We subse-
quently calculate the collinearity, also called cosine similarity
in literature, of the corresponding scattering functions in the
three frequency bands.

A. Extending the CLEAN Algorithm

We extend the algorithm from [12] to the delay-Doppler
domain, to obtain high resolution estimates of the path delay,
Doppler frequency and complex weight of the MPCs in an
iterative way. For data evaluation, the time-variant CTF is
divided in stationarity regions that are indexed by s and consist
of M time samples and of Q frequency samples. We assume
that within the stationrity regions the statistics of the fading
process do not change significantly [18]–[20]. For notational



simplicity we drop the band index i and assume that the time-
variant frequency response Hs[m, q] = H[m+ sM, q] within
stationarity region s is the sum of P MPCs

Hs[m, q] =
PX

p=1

↵s,pe
j2⇡y(✓s,pm�⌫s,pq) , (2)

where ↵s,p 2 C is the complex path weight, ⌫s,p is the
normalized Doppler, and ✓s,p is the normalized delay of the
pth path. The CLEAN algorithm proceeds as follows:

1) Initialize Hs,p[m, q] = Hs[m, q] for stationarity region s

of the CTF with p = 1, corresponding to the first MPC.
2) Compute the scattering function by a discrete Fourier

transform in time and frequency that reads
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1
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3) The strongest component in the scattering function is

identified as

(n̂, l̂) = argmax
(n,l)

Ss,p[n, l], (4)

with delay index n 2 {0, . . . , Q� 1} and Doppler index
l 2 {�M/2, . . . ,M/2� 1}.

4) We define a high resolution grid in delay and Doppler
with R equally spaced intervals in both domains, sur-
rounding the strongest multipath component found with
(4). This results in R

2 candidate points for the search
grid defined as
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where u, k 2 {0, . . . , R�1}. We search for the pair (û, k̂)
such that

(û, k̂) = argmax
0u,kR�1
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and obtain ⌫̂s,p = ⌫û and ✓̂s,p = ✓k̂.
5) Having found the high resolution estimates (⌫̂s,p, ✓̂s,p) we

subtract the found MPC from the time-variant frequency
response sequence for stationarity region s

Hs,p+1[m, q] = Hs,p[m, q]� ↵̂s,pe
j2⇡(✓̂s,pm�⌫̂s,pq), (6)

with path weight

↵̂s,p =
1
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6) Go to step 1) with p = p + 1 and iterate the algorithm
until p = P .

B. Cosine Similarity

To enable a direct comparison of the fading processes at the
frequencies f0, f1 and f2 we readjust the Doppler shift of the
MPCs detected by the CLEAN algorithm

⌫
0
s,p;i = ⌫̂s,p;if2/fi . (8)

We compute the time-variant frequency response using (2)
and compute the Doppler-adjusted scattering function S

0
s,i[n, l]

using (3). We then calculate the collinearity, also referred to
as cosine similarity in literature, per stationarity region [20]
among the reconstructed Doppler-adjusted scattering functions
according to
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with the sample variance

�
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IV. RESULTS

In this section we present the results using the algorithms
described in Sec. III. We refer the reader to [2] to compare
the results with the calculated power delay profile (PDP) and
Doppler spectral density (DSD) of the measurement. For the
evaluation in this paper we choose R = 10, M = 3200 (which
is equal to a stationarity time Tstat = 100ms) and calculate the
P = 20 strongest MPCs. We don’t use a stop criterion for the
power of the detected MPCs in the evaluation. In Sec. IV-B
we evaluate the correlation between the three frequency bands.
Furthermore, we show the influence of the selected stationarity
time on the correlation between the bands.

A. Multipath Components Obtained by CLEAN

The scatter plots in Fig. 4 and Fig. 5 show the path delays
and the Doppler shifts adjusted by (8) for the P =20 strongest
MPCs for each frequency band, respectively. The blue color
in the plots represents the 3.2 GHz band, the red color the
34.3 GHz band and the orange color the 62.35 GHz band. We
indicate by the left black vertical line in the plot the time
t1 = 11.6 s when the TX passes the RX and by the right
black vertical line the time t2 = 21 s when the TX stops at
the road intersection. We define the region until t1 as NLOS
region and the region from t1 onwards as LOS region.
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Fig. 4. Delay of multipath components vs. time. The 20 strongest MPCs
obtained by the CLEAN algorithm for 3.2 GHz (blue), 34.3 GHz (red) and
62.35 GHz (orange) are shown.
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Fig. 5. Adjusted Doppler shift of multipath components vs. time. The P =
20 strongest MPCs obtained by the CLEAN algorithm for 3.2 GHz (blue),
34.3 GHz (red) and 62.35 GHz (orange) are shown. The Doppler is adjusted
according to (8) to compensate for the linear effect of the different carrier
frequencies.

We observe that as the TX approaches the RX the path
delays decrease and their Doppler shifts are positive. The
moment the TX passes the RX the Doppler shift of the main
LOS component becomes negative. The CLEAN algorithm
furthermore detects reflected MPCs stemming from fences,
lamp posts and a transformer hut on the opposite side of the
RX as indicated in Fig. 1.

To obtain a better understanding we show in Fig. 6 a 3D
scatter plot of the five strongest MPC (more MPCs lead to
reduced clarity in the figure) of each frequency band between
t1 and t2. In this plot the y-axis is the Doppler-adjusted
frequency, while the z-axis is the path delay. From the plot
we see that the delay and the Doppler-adjusted frequency
of the LOS component matches in all frequency bands well.
Furthermore, the second strongest MPC in the LOS region in
all bands stem from a parked car close to the road intersection.
Utilizing the recorded GPS coordinates, the geometry of the
scenario and the calculated MPCs parameters we further find

Fig. 6. 3D scatter plot of the 5 strongest MPCs obtained by the CLEAN algo-
rithm between t1 and t2 for 3.2 GHz (blue), 34.3 GHz (red), and 62.35 GHz
(orange).
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Fig. 7. Cosine similarity ⇢i,j of the Doppler-adjusted scattering function for
different frequency bands i and j vs. time, see (9).

that several reflections in the mmWave bands 34.3 GHz and
62.35 GHz (i.e., the ladder structure in plot Fig. 5) stem from
a fence on the opposite side of the RX. The strongest diffuse
reflections in the 3.2 GHz band stem from the transformer hut.

B. Cosine Similarity

We evaluate the cosine similarity according to Sec. III-B.
Fig. 7 shows the cosine similarity between the frequency
bands vs. time. The blue color shows the cosine similarity
⇢1,2 between the 3.2 GHz and the 34.3 GHz band, the red
color shows the cosine similarity ⇢1,3 between the 3.2 GHz
and the 62.35 GHz band and the orange color shows the cosine
similarity ⇢2,3 between the 34.3 GHz and the 62.35 GHz band.
As expected, the cosine similarity in the NLOS region is lower
compared to the LOS region. In the LOS region the mean value
of the cosine similarity is higher due to the power of the strong
LOS component.

Finally we show the empirically calculated cumulative dis-
tribution functions (CDFs) of the cosine similarity for the
NLOS region in Fig. 8 and for the LOS region in Fig. 9.
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Fig. 8. Empirically calculated CDF of ⇢1,3 for the NLOS region between 0
and t1.

Different stationarity region lengths are shown for the cosine
similarity between the 3.2 GHz and the 62.35 GHz band. From
the results we observe that the cosine similarity increases
with increasing stationarity region length up to a wavelength
of approximately 10�. Here, the wavelength refers to the
62.35 GHz band and is calculated with the average velocity
within t1 and t2. This can be explained since with increasing
observation length M , the Doppler estimation error decreases.
A relation between observation length and Doppler estimation
accuracy can be found in [21]. For a stationarity region length
of 10� the cosine similarity is larger than 0.8 for more than
50% of the time and larger than 0.9 for more than 37% of
the time. If the stationarity region length is increased above
10� the cosine similarity decreases again since the stationarity
conditions are violated due to vehicular motion. For, e.g., a
stationarity region length of 91� a cosine similarity larger
than 0.8 is only valid for approcimately 31% of the time and
a cosine similarity larger than 0.9 only for approximately 20%
of the time.

V. CONCLUSIONS

In this paper we applied the CLEAN algorithm to ob-
tain high resolution estimates of the path delay, Doppler
frequency and complex weight of MPCs for the frequency
bands 3.2 GHz, 34.3 GHz and 62.35 GHz. Using the results we
analyzed the similarities of the frequency bands in an urban
V2I measurement scenario and found that the LOS component
and the strongest reflected MPC can be clearly observed in
all three frequency bands. We furthermore assessed the origin
of the reflections in the mmWave bands. By analyzing the
cosine similarity between the frequency bands we found that
the cosine similarity between the 3.2 GHz and 34.3 GHz band
as well as between the 3.2 GHz and 62.35 GHz is smaller in
the NLOS region but increases for the LOS region. Finally,
we analyzed the cosine similarity depending on the stationarity
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Fig. 9. Empirically calculated CDF of ⇢1,3 for the LOS region between t1
and t2.

region lengths in terms of wavelength and found that small and
very large stationarity region lengths for this scenario lead to
reduced cosine similarity results. For short stationarity region
length the Doppler resolution is reduced, and for too long
stationarity region lengths the assumed stationarity conidtion
is violated.
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[5] P. Kyösti, P. Zhang, A. Pärssinen, K. Haneda, P. Koivumäki, and
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