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Abstract—Future connected cooperative automated mobility
can benefit from high-data-rate wireless communication links
between vehicles to exchange LIDAR and/or RADAR data.
The millimeter wave (mmWave) frequency range offers large
bandwidth for rapid sensor data exchange but suffers from higher
signal attenuation compared to the centimeter wave (cmWave)
band. In this paper we obtain cmWave and mmWave multipath
component (MPC) parameters by combining a single omni-
directional antenna that is used as virtual array with the CLEAN
algorithm. The cmWave MPC information enables low-overhead
mmWave beamforming by means of an antenna array. Empirical
multi-band measurement data (3.2 GHz, 34.3 GHz, and 62.35
GHz) shows that considering the 5 strongest MPCs, a signal-to-
noise ratio of up to 25 dB for a V2I scenario can be achieved.

Index Terms—out-of-band, mmWave, CLEAN, virtual antenna
array, software defined radio

I. INTRODUCTION

Reliable vehicular millimeter wave (mmWave) communi-
cation links are an important component for fast LIDAR
and/or RADAR data exchange to provide the foundation
for connected cooperative automated mobility (CCAM). The
mmWave frequency band (24 GHz – 300 GHz) offers wide
bandwidth, while the signal attenuation is substantially in-
creased compared to the centimeter wave (cmWave) band (0
to 7 GHz) [1]. The cmWave band has favorable propagation
conditions but offers only small available bandwidth, due to
spectrum shortage.

A promising approach for reducing the overhead in
mmWave link establishment is utilizing channel state infor-
mation (CSI) from the cmWave band [2]. Such out-of-band
information shall aid and possibly improve the link configu-
ration in the mmWave band [3]. So far, several strategies that
leverage out-of-band information have been proposed. In [4],
the authors propose a compressed beam-selection approach
utilizing spatial information obtained at cmWave to aid con-
figuring the mmWave link in static scenarios. The authors
of [5] propose non-parametric and parametric approaches to
translate the cmWave spatial correlation to the mmWave band.
Furthermore, the authors of [6] use the cmWave channel
covariance as an out-of-band side information for mmWave

link configuration. Sim et al. [7] have proposed a deep
learning-based beam selection algorithm exploiting cmWave
side information, and validated it with 3D ray-tracing sim-
ulations and over-the-air experiments. The authors of [8]
develop an efficient deep-learning model to predict blockages
at mmWave using cmWave information and [9] propose a
beam direction-based metric to assess the power loss and the
number of false directions if out-of-band spatial information
is used instead of in-band information. In [10], the authors
propose estimating CSI in mmWave multiple-input multiple-
output (MIMO) systems leveraging out-of-band information
from a cmWave MIMO system in a static line-of-sight (LOS)
scenario. The proposed approach relies on joint angle of arrival
(AoA)/angle-of-departure (AoD) estimation for the free-space
LOS component only. Finally, the authors of [11] investigate
multi-band assisted beam steering in an industrial scenario
and show that beam steering in the mmWave band, using
information from the cmWave band, outperforms position
sensor based beam steering.

The results of all these aforementioned works show that
the beam training overhead in mmWave can be reduced
substantially if cmWave information is used, but only if the
propagation channels at different frequency bands share a suf-
ficient degree of similarity. In [12], strong similarities between
cmWave and mmWave for an urban vehicular scenario have
been shown using empirical multi-band measurement data.

Contribution of the paper:
• We combine the CLEAN algorithm [12] and a single

omni-directional antenna in the cmWave band, used as
virtual antenna array [1], to extract multipath compo-
nent (MPC) parameters. This information enables low-
overhead mmWave channel estimation and beamforming
by means of an antenna array. Compared to [10], no
MIMO antenna array in the cmWave band is required,
and a mobile vehicular scenario is considered.

• We analyze the achieved signal-to-noise ratio (SNR) in
the mmWave band per stationarity region and show that
in LOS, a sufficiently large SNR can be achieved using
the detected MPCs from the cmWave band.



II. VEHICULAR MULTI-BAND COMMUNICATION CONCEPT

We consider a multi-band communication link in a mobile
scenario, where cmWave and mmWave communication links
operate simultaneously. The cmWave link is utilized for low-
data-rate exchange, while the mmWave link is reserved for
high-data-rate transmission, such as LIDAR and/or RADAR
data exchange.

In the proposed vehicular scenario the transmitter (TX)
is moving with velocity v alongside a trajectory. Both the
TX and receiver (RX) are equipped with omni-directional
antennas for the cmWave band and a directional antenna
for the mmWave band to mitigate the higher path loss. The
directional antenna can be implemented using either a MIMO
antenna array or a (steerable) directional horn antenna, as used
for the measurement setup described in Sec. V. In our setup,
the antennas for the cmWave and mmWave band are collocated
on both the TX and RX side. The higher the path loss, the
more antenna elements are required for the mmWave antenna
array, resulting in narrow beams. To accelerate beam search
and link establishment in the mmWave band, we leverage AoA
information obtained from the cmWave band.

Using the reciprocity principle, the moving omni-directional
TX antenna can be considered as a virtual antenna array [1].
We use the channel transfer function (CTF) sequence obtained
within a stationarity region [13], [14] and apply the CLEAN
algorithm [12], [15] to obtain estimates on path weight,
Doppler shift and delay of the MPCs. With that information,
the strongest MPCs and their AoA can be identified in the
cmWave band and used for beamforming in the mmWave
band.

Organization: In Section III we present the used radio
channel model and in Section IV the parameter evaluation.
The collection of the empirical measurement data is described
in Sec. V. and the obtained results are described in Sec. VI.

III. RADIO CHANNEL MODEL

We represent the time-variant CTF within stationarity region
s with length M in time and width Q in frequency as sum of
P MPCs

Hs,f [m, q] = HTX[q]HRX[q]

P∑
p=1

αs,p,fe
j2π(θs,p,fm−νs,p,fq) ,

(1)
where αs,p,f ∈ C is the complex path coefficient, νs,p,f
is the normalized Doppler shift, θs,p,f is the normalized
delay of the p-th MPC and f denotes the center frequency.
Discrete time, sampled with sampling time TS, is denoted by
m ∈ {0, . . . ,M − 1}, and discrete frequency, with frequency
spacing BS = B/Q is denoted by q ∈ {−Q/2, . . . , Q/2− 1},
where B denotes bandwidth. We assume that within the
stationarity regions [m, q] ∈ [0, . . . ,M ] × [−Q/2, . . . , Q/2]
the statistics of the fading process do not change significantly.
Absolute time m′ = sM+m. The frequency responses of TX
and RX are denoted by HTX and HRX, respectively.

IV. PARAMETER ESTIMATION

Using the CLEAN algorithm [12], [15] we estimate the
MPC parameters (α̂s,p,f , ν̂s,p,f , θ̂s,p,f ) of the first P ′ < P
strongest paths within each stationarity region and for each
frequency band f ∈ {fcm, fmm}. The CLEAN algorithm
computes the scattering function for the stationarity region s,
and identifies the strongest component in the delay-Doppler
domain. Next, a high resolution search on a grid is performed
around the strongest component to identify the real valued
delay and Doppler of the MPC, and its weight is estimated.
Finally, the newly identified MPC is subtracted from the scat-
tering function and the CLEAN algorithm continues until P ′

MPCs are identified. A particular application of the CLEAN
algorithm for a vehicular multi-band measurement scenario is
shown in [12].

We can represent the time-variant frequency response as

Hs,f [m, q] = HTX[q]HRX[q]
(
H ′

s,f [m, q] +R′
s,f [m, q]

)
, (2)

with

H ′
s,f [m, q] =

P ′∑
p=1

α̂s,p,fe
j2π(θ̂s,p,fm−ν̂s,p,fq) , (3)

where R′
s,f [m, q] denotes the residual that is not represented

by the first P ′ strongest MPCs.

A. Angle-of-Arrival Estimation

The normalized Doppler shift of a single MPC can be
expressed by the velocity vs of the vehicle within stationarity
region s by

ν̂s,p,f =
vs
c0

fTS cos(ϕ̂s,p,f ) . (4)

Hence, we can estimate the AoA ϕ̂s,p,f by

ϕ̂s,p,f = arccos

(
ν̂s,p,f
fTS

c0
vs

)
, (5)

where ν̂s,p,f is the normalized Doppler shift of the p-th MPC
and c0 is the speed of light. Please note that this estimation has
a 180◦ degree ambiguity. For evaluation, stationarity regions
with sufficiently large velocity vs are taken into account. We
further assume that the velocity is known at the receiver and
time division duplex communication is used. The AoA esti-
mation is performed for all frequency bands f ∈ {fcm, fmm}.

B. AoA Matching

To investigate whether MPCs with similar AoAs occur in
the cmWave and in the mmWave band, we assume that the
MPCs at the mmWave band are received within the angular
interval

Ds,p,fcm = (ϕ̂s,p,fcm − β/2, ϕ̂s,p,fcm + β/2), (6)

where β denotes the utilized opening angle. We assume that
the CLEAN algorithm consistently estimates the center of the
arriving MPC, such that we can set the angular bounds as
defined in (6). We use the following algorithm per stationarity



region to match the MPCs in the mmWave band to the
strongest MPC in the cmWave band:

• In each band, sort the MPCs according to magnitude
|α̂s,p,f | and consider the first P ′ < P strongest paths.

• Choose the strongest MPC, p = 1, from fcm and check
how many MPCs in the mmWave band are within the
opening angle interval of the cmWave band, i.e., find all
MPCs for fmm, p′ ∈ {1, . . . , P ′} where

ϕ̂s,p′,fmm ∈ Ds,p,fcm

and create set Ps containing all these p′.
If |Ps| > 0, we observe MPCs in the mmWave band with the
same AoAs as in the cmWave band. Hence, the AoA ϕ̂s,p,fcm

can be used for analog beamforming in the mmWave band to
improve the SNR. For digital beamforming an MPC matching
algorithm can be applied, which takes both, the delay and the
Doppler shift into account, while maximizing the SNR.

C. Signal-to-Noise Ratio

With the set Ps we calculate the SNR of the mmWave band
per stationarity region according to

SNRs,fmm =

∑
p′∈Ps

|α̂s,p′,fmm |2

σ2
s,fmm

(7)

where σ2
s,fmm

is the noise level in the mmWave band, esti-
mated from the time-variant channel impulse response in each
stationarity region.

D. Residual Energy

To assess how much energy is captured with the strongest
MPCs, we define the normalized residual energy within a
stationarity region

γs,f =

∑M−1
m=0

∑Q/2−1
q=−Q/2|R

′
s,f [m, q]|2∑M−1

m=0

∑Q/2−1
q=−Q/2|Hs,f [m, q]|2

, (8)

where Hs,f [m, q] and R′
s,f [m, q] are given in (2). The larger

the energy captured by the first MPCs, the smaller γs,f .

V. MEASUREMENT DESCRIPTION

As a proof of concept, we demonstrate that the AoAs in both
cmWave and mmWave bands are comparable using multi-band
channel sounding measurements from an urban street scenario
near the AIT in Giefinggasse, 1210 Vienna, Austria.

We apply the algorithm shown in Section IV-B to the time-
variant CTFs obtained by a triple-band (3.2 GHz (cmWave),
34.3 GHz (mmWave band 1) and 62.35 GHz (mmWave band
2)) channel measurement campaign [16] conducted in an
urban vehicle-to-infrastructure (V2I) street scenario shown in
Fig. 1. Note that, in this setup we apply the algorithm to
the combinations cmWave-mmWave band 1 and cmWave-
mmWave band 2 separately. A TX car, equipped with three
omni-directional antennas covering three frequency bands, is
traveling along the indicated trajectory on an urban street
towards a road intersection. A real time kinematic global
positioning system (GPS) system is used to track the position
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Fig. 1. Overview of the measurement scenario [16]. A TX car approaches
a road intersection and stops. The directive RX horn antennas are pointed
towards the road intersection. Indicated are a direct MPC from TX to RX
(ϕ1) as well a reflection via an industrial building (ϕ2).

and velocity of the TX. The RX is positioned approximately
1.5 meters above street level, next to an office building. It
is equipped with three vertically aligned directional antennas.
Each antenna has a similar half power beam width (HPBW) of
18◦ and they are oriented towards the road intersection. The
channel measurement lasts for 30 seconds, during which the
TX passes by the RX at 11.6 seconds and comes to a stop at
the road intersection at 21 seconds. For time and frequency
synchronization Rubidium clocks are utilized. At the receiver
the time-variant CTFs are recorded every tR = 31.25µs for
all frequency bands simultaneously and stored on a hard disk.
The measurement parameters used in this measurement are
provided in Tab. I. More details of the measurement scenario
can be found in [16].

Please note that the antenna configuration of this measure-
ment at the RX is a proof of concept setup with directional
antennas in the cmWave and mmWave band, which are already
pointing in the same direction. Hence, the AoA matching
algorithm in IV-B will obtain good AoA matches specifically
in the HPBW of the antennas.

VI. RESULTS

We evaluate the recorded CTFs between the times 11.6 s
and 15 s of the measurement, which corresponds to the LOS
interval of the measurement. We choose a stationarity region
length with Tstat = 100ms which is equal to M = 3200 time
samples. We set the number of considered MPCs to P ′ = 5
and β = 18◦. In the following subsections we evaluate, the
residual energy, the AoAs of the detected MPCs and the SNR.



(a) AoA histogram of MPCs at 3.2 GHz. (b) AoA histogram of MPCs at 34.3 GHz. (c) AoA histogram of MPCs at 62.35 GHz.

Fig. 2. AoA histograms of the fist P ′ = 5 MPCs during the time-interval (11.6 s, 15 s) at the frequency bands 3.2 GHz, 34.3 GHz and 62.35 GHz

TABLE I
CHANNEL SOUNDING PARAMETERS

Parameter Value
Carrier frequency fc 3.2, 34.3, 62.35 GHz

Number of subcarriers Q 311
Subcarrier spacing △f 500 kHz

Bandwidth B 155.5 MHz
Symbol duration ts 2 µs

Interval between snapshots tR 31.25 µs
Measurement duration tm 30 s

Max. relative velocity vmax 1500, 140, 77 m/s
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Fig. 3. Empirically calculated AoA CDF of the first P ′ = 5 MPCs within
11.6 s to 15 s for all bands.

A. Residual Energy

In Fig. 4 we show the residual energy (c.f. (8)) in each
stationarity region vs. time within each frequency band after
the detection of the first P ′ strongest MPCs. We observe, that
with the considered setup, as soon as the TX moves within
the HPBW of the directional receive antenna, a comparably
large portion of the energy is detected by the strongest MPCs
in all frequency bands.
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Fig. 4. Residual energy in percentage vs. time within the interval
(11.6 s, 15 s) for the 3.2 GHz, 34.3 GHz and 62.35 GHz band.
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Fig. 5. SNR (c.f. (7)) for the mmWave bands vs. time within the interval
(11.6 s, 15 s) for the 34.3 GHz and 62.35 GHz.



B. AoA Statistics

We statistically analyze the AoAs obtained by (5) for each
frequency band and plot their histograms for the defined eval-
uation time (11.6 to 15 s) in Fig. 2. The empirically calculated
CDFs are shown in Fig. 3. The results for this measurement
show essentially two AoA clusters. The first AoA cluster is
between 20 – 40◦ (corresponding to reflected MPCs) and
shows fewer detected MPCs especially in the mmWave band.
The second AoA cluster is around 120 – 140◦ and corresponds
to direct MPCs. It can be further observed that for both bands,
cmWave and mmWave, a large amount of AoAs falls into this
cluster. This can be explained by the antenna pattern of the
directive antennas used both in the cmWave and mmWave
bands. We expect that if omni-directional antennas are used
in the cmWave band a higher amount of reflected MPCs will
be observed. Since there is strong similarity between cmWave
and mmWave bands (specifically if the directional antennas
point in the same direction), we expect that these MPCs also
exist in the mmWave band (especially for specular reflections),
offering an alternative communication link in the mmWave
band.

C. Signal-to-Noise Ratio

We finally assess the link quality by calculating the SNR
over time using (7) in Section IV-C. The results are shown
in Fig. 5. We observe, that, with the proposed AoA matching
algorithm the SNR achieved in the mmWave band, using the
strongest detected MPC in the cmWave, is sufficiently large for
high data rate transmission. Please note, that in this specific
setup, the SNR at the 62.35 GHz band is higher due to the
higher transmit power used in that band.

VII. CONCLUSIONS

In this paper we provide a proof of concept to enable
communication link establishment in the mmWave frequency
band using AoA information from the cmWave frequency
band. We obtain the AoAs from MPC parameters estimated
by the CLEAN algorithm using the virtual antenna array
principle. Subsequently, we define an AoA matching algorithm
that searches for MPCs within a similar opening angle in the
cmWave and mmWave band. Finally, we apply the defined al-
gorithm to a triple band measurement from an urban scenario.
The results show that specifically for the LOS case mmWave
communication links with sufficiently large enough SNR can
be achieved.
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