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Abstract

Accurate characterization of spatial multipath channels at millimeter wave bands has gained significant interest both
in industry and academia. A channel measurement was conducted at three different frequency bands, i.e., 2 − 4,
14 − 16, and 28 − 30 GHz in a line-of-sight (LOS) and an obstructed-LOS (O-LOS) scenarios in an empty room
environment. A vector network analyzer connected to a virtual uniform circular array and to a rotational directional
horn antenna was used in the measurements, respectively. Angle-of-arrivals and delay-of-arrivals of the multipath
components were obtained from the measurements for the three frequency bands. Room electromagnetic
properties for the three different frequencies at different propagation scenarios were investigated as well.

Keywords: Millimeter wave channel measurements, Spatio-temporal channel modeling, Room electromagnetics,
Angle of arrival estimation

1 Introduction
The increasing demand for higher data rates has moti-
vated research in millimeter wave frequency bands for
5G cellular systems. Millimeter wave bands offer huge
free spectrum and allow the implementation of massive
antenna arrays due to the small wavelength [1, 2]. Though
broadband wireless access technology local multipoint
distribution service (LMDS) already exists at 28 GHz, it is
still unused. This band has been considered as a potential
candidate for 5G cellular frequency due to its low atmo-
spheric absorption, and availability of high gain adaptive
antennas [3–6]. Accurate characterization of their spatial
multipath channel at millimeter wave bands has gained
significant interest both in industry and academia, as it is
important for system design and performance analysis of
future millimeter wave communication systems [7, 8].
While significant studies of channel characteristics were

carried out at 60 GHz for indoor and short-range scenar-
ios, only a few measurement campaigns were conducted
at 28 GHz [9, 10]. Various measurement results have been
reported for the 28 GHz band in the literature for urban
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scenarios, e.g., 28 GHz penetration and reflection mea-
surement in [1, 3], 28 GHz path loss and signal outage
analysis in [1, 11], 28 GHz angle of arrival and angle of
departure analysis in [1, 5], etc. Measurement results in
an indoor building-scale environment based on a home-
made synchronous channel sounder were reported in [6].
To the best knowledge of the authors, very few papers have
experimentally investigated the channel characteristics at
30 GHz. Measured results of indoor propagation channels
at 30 GHz were reported in [12, 13], where the focus was
only on path loss and small-scale fading characteristics.
Extensive work has been done for channel characteriza-

tion in the literature at current cellular frequencies [14, 15]
and other frequency bands, e.g., 5.8 GHz in [16, 17]. The
existing work in the literature, however, are lacking in
the analysis on the frequency-dependent channel behav-
iors. The frequency dependency factor is important, as the
larger bandwidth, e.g., several GHz or subbands separated
by GHz, might be utilized for future wireless systems.
It would be highly interesting to compare the channel
characteristics at current cellular frequency bands and at
millimeter wave bands in the same propagation scenarios.
Room electromagnetics is a simple model that con-

siders a line-of-sight (LOS) component (if present) and
an exponential power-delay profile (PDP) decaying with
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the so-called reverberation time parameter, depend-
ing only on the wall area, the volume of the room,
and an absorption coefficient. Room electromagnet-
ics theory is interesting, as it does not require com-
plete knowledge of the propagation environment, and
it offers an alternative description of diffuse scattering
in a room using only simple parameters. Validation of
room electromagnetic theory was investigated for cellu-
lar frequencies [18–20]. However, very few results are
available in the analysis on frequency dependency of room
electromagnetics.
In this paper, we investigate the spatial-temporal char-

acteristics of LOS and obstructed-LOS (O-LOS) scenarios
in an indoor environment at three different frequency
bands, namely, 2 − 4, 14 − 16, and 28 − 30 GHz. Angle-
of-arrival and delay-of-arrival of the main paths and room
electromagnetics are investigated for different frequency
bands. Through the extensive measurements, we would
like to investigate: (1) whether channel characteristics at
different frequency bands are different in the same prop-
agation scenario; (2) whether room electromagnetics the-
ory holds at different frequency bands; and (3) whether
diffuse scattering is important to model at millimeter
wave frequency bands.
The main contributions of the paper are summarized as

follows:

• A sounding system using a VNA coupled to a virtual
uniform circular array (UCA) and to a rotational
directional antenna to resolve multipath components
in delay and spatial domains at different frequencies
is described.

• Spatial-temporal characteristics of the indoor
channels at different frequencies are compared in
LOS and obstructed-LOS scenarios. The trajectory of
multipath components in a room are identified by
relating the multipath angle and delay information to
the room geometry.

• Room electromagnetic parameters at different
frequencies are compared in LOS and O-LOS
scenarios.

• Spatial multipath components estimated with a
virtual UCA are compared with results obtained with
rotational directional antenna measurements.

Virtual arrays (via mechanical displacement of a
single Biconical antenna) and rotation of this paper is
organized as follows. Section 2 describes the indoor-
propagation channels and the frequency beamforming
technique used to estimate the spatial and tempo-
ral properties of multipath channels. Section 3 dis-
cusses the measurement setup. Section 4 summarizes
the measurement results. Finally, section 5 concludes the
paper.

2 Indoor propagation channels
To resolve the multipath components in space, two mea-
surement systems are generally used. One is to steer a
highly directional antenna to scan the channel impulse
response (CIR) from each angular direction. This gives
the angle information of the channel directly. However,
the disadvantage is that the antenna pattern is embedded
into the results. The other method is to use an (virtual)
array. The angle information of themultipath components
can be obtained via beamforming or high-resolution algo-
rithms [21]. A uniform circular array (UCA) is preferable
to a uniform linear array (ULA), as the ULA cannot dis-
tinguish the paths symmetric with respect to the array line
and the beam pattern of the ULA array is not uniform
around the azimuth angle.
For static indoor measurements, the measured CIR is

essentially only one snapshot of an environment, i.e.,
only one temporal observation is available. The spatial
method discussed in [22], e.g., the classical beamform-
ing and high resolution algorithms like MUSIC cannot
be directly applied, since the covariance matrix of the
array outputs would be rank-deficient due to the limited
temporal samples. Different algorithms were proposed to
address this issue, e.g., a spatial smoothing technique in
[21] and an iterative 2D Unitary ESPRIT method in [23]
for virtual planar arrays. In this paper, we are interested in
both delay and angle information of the multipath compo-
nents. For the sake of simplicity, a conventional frequency
beamforming algorithm is used [24]. Note that frequency
beamforming algorithms were only used to estimate the
angle and delay of the direct path between the transmitter
(Tx) and receiver (Rx) for indoor ranging and localization
purpose in [24].
Assume a UCA with P array elements arranged uni-

formly around its perimeter of radius r, each with angle
θi = 2π · i/P with i ∈[ 0,P−1] as illustrated in Fig. 1. Note
that the distance between two consecutive array elements
should not be larger than λ/2 to avoid spatial aliasing
effects [22]. Assume that the CIR between the Tx and
the center of the UCA is composed by K multipath plane
waves. The channel frequency response is:

H(f ) =
K−1∑
k=0

αk exp
(−j2π f τk

)
, (1)

where αk and τk represent the complex amplitude and
delay of the kth wave with k ∈[ 0,K − 1]. The k-th wave
impinging with angle of arrival ϕk arrives at the i-th ele-
ment with a delay τki with respect to the UCA center:

τki = − r · cos (θi − ϕk)

c
, (2)
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Fig. 1 An illustration of the UCA and the multipath channel

where c is the speed of light. The frequency responseHi(f )
at the ith element can be written as:

Hi(f ) =
K−1∑
k=0

αk · exp [−j2π f (τk + τki)
]

(3)

The array frequency response H(f , θ) is:

H(f , θ) = 1
P

P−1∑
i=0

wiHi(f ), (4)

where wi, i ∈[ 0,P − 1] is the complex weight assigned
to the ith antenna element. The basic principle of classi-
cal beamforming is to shift the phase of each frequency
response into alignment. Therefore, the weighting vector
can be expressed as:

wi = exp
(−j2π · (r/c) · cos(θ − θi)

)
, (5)

A power peak occurs in the array beam pattern for θ =
ϕk . The spatial-temporal channel impulse response h(t, θ)

can be recovered from H(f , θ) via inverse discrete Fourier
transform:

h(t, θ) =
N−1∑
n=0

H
(
fn, θ

) · exp (
j2π fnt

)
, (6)

where fn is the frequency at the n-th frequency index.

3 Experimental setup
3.1 Measurement system
Figure 2 illustrates the block diagram of the measurement
system. A wideband biconical antenna was mounted on

a table as the transmitter (Tx), while two types of anten-
nas were used as the receiver (Rx). Note that both the
Tx and Rx antenna were mounted at a height of 1.1 m
above the ground.With the two different Rx antennas, two
sets of measurements were performed. In the first mea-
surements, a uniform circular array (UCA) was realized
virtually by mounting a biconical antenna on a position-
ing turntable. We obtained P = 720 elements of the
UCA array by automatically repositioning the biconical
antenna at uniform angles around a circle perimeter with
r = 0.5 m. At each element position, a frequency sweep
was performed for three different frequency bands 2 − 4,
14 − 16, and 28 − 30 GHz. N = 750 samples were set for
each frequency band. In the second measurement series,
a horn antenna was mounted on the rotation center of
the turntable. To make meaningful comparison, the same
measurement settings as in the first measurement series
(i.e., the same frequency sweep and orientation sweep)
were adopted for the second measurement series. A com-
plete channel measurement, i.e., frequency sweep over the
three bands for all element positions, took about 15 min.
Three types of antennas were used in the measurement
campaign, as detailed in Table 1. The biconical antenna
is omnidirectional in the azimuth plane for 2 − 30 GHz,
while the beamwidth gets narrower in the elevation plane
as the operating frequency increases. The horn antenna
operating at 750 MHz – 18 GHz frequency band is less
directional at the low band both in azimuth and eleva-
tion plane, and becomesmore directional as the frequency
increases. The horn antenna operating at 26.4 − 40 GHz
has approximately the same beamwidth in the elevation
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Fig. 2 Block diagram of the measurement system. The measurement system consists of a VNA, a LO/IF distribution unit, two reference mixer
modular. The mixer modular is used to down-convert the received signals at the Rx to a lower frequency to reduce the cable loss and phase
variation at the long cable (9 m). Calibration was performed prior to measurements to de-embed the Tx and Rx chain in the measurement results.
Channel frequency responses at three frequency bands were recorded over one sweep

and azimuth plane. All the antennas used in the measure-
ments are vertically polarized.
Given that the bandwidth of measurement at each fre-

quency band is 2 GHz, the delay resolution for each band
is 0.5 ns, resulting in a spatial resolution is 0.15 m. The
delay range of the measurement is 350 ns, which limits the
maximum measurement range to approximately 105 m
path length.
The measured S21i (f ) parameter can be expressed as a

product of the Tx branch, Tx antenna, the channel, the
Rx branch, and the Rx antenna. The Tx branch and the
Rx branch could be removed via calibration, as illustrated
in Fig. 2. The antenna gains of the Tx and Rx antenna at
different frequency bands are given in Table 1, and can
be de-embedded in post-processing to extract the channel
frequency response.

3.2 Measurement scenario
The measurements were performed in an empty room, as
depicted in Fig. 3. All walls are made of concrete except
the bottom wall which is a wooden board as indicated

in the figure. Two scenarios were considered in the mea-
surement: LOS and O-LOS, as shown in Figs. 4 and 5,
respectively. For the O-LOS measurement, a blackboard
of dimensions 1.19 × 1.19 m2 with one side covered by
aluminum was placed between the antennas to block the
paths in the LOS direction.

3.3 Measurement objectives
Five objectives were targeted in the measurement
campaign:

1. In this paper, virtual arrays (via mechanical
displacement of a single Biconical antenna) and
rotation of high directive horn antennas are used to
investigate the power-angle-delay profiles of the
indoor propagation channels. To achieve this goal,
the propagation environment should be maintained
static during measurement. System stability
investigation was carried out in Section 4.1.

2. Accurate calibration of antenna element positions is
required, which becomes even more challenging at

Table 1 Specifications of the antennas used in the measurement campaign

Antenna Frequency range 3-dB beam width in azimuth Gain

Biconical antenna 2 − 30 GHz Omnidirectional 2 − 4 GHz: 0 dB
14 − 16 GHz: 5.5 dB
28 − 30 GHz: 6 dB

Horn antenna 750 MHz – 18 GHz 2 − 4 GHz: 65◦ 2 − 4 GHz: 9 dB
14 − 16 GHz: 30◦ 14 − 16 GHz: 15 dB

Horn antenna 26.4 − 40.1 GHz 28 − 30 GHz: 20◦ 28 − 30 GHz: 19 dB
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Fig. 3 An illustration of the dimensions of the empty room and locations for the Tx and Rx antennas for the measurement campaign

millimeter wave bands. For this reason, the
measurements were repeated two to three times to
investigate the repeatability of the results.

3. Wideband channel characteristics in delay and spatial
domains and room electromagnetic in the LOS and
O-LOS scenarios are analyzed and compared.

4. One interesting research topic in millimeter wave
channel modeling is the differences and similarities in
channel characteristics at different frequency bands.
In this paper, measured channel characteristics at
2 − 4, 14 − 16, and 28 − 30 GHz are compared.

5. Measurement results with a virtual UCA and steering
horn antennas are analyzed and compared. Note that
for the measurements with horns, two different horn
antennas were used to cover the three frequency

bands (one for 2 − 4 and 14 − 16 GHz, and the other
one for 28 − 30 GHz), as detailed in Table 1.

Table 2 summarizes the measurement items performed
in the measurement campaign.

4 Measurement results
4.1 System stability
To investigate the channel spatial profile by using a vir-
tual array or rotating a high-directive horn antenna, it is
important to ensure a static environment [16]. In order to
investigate the stability of the measurement system, wide-
band measurements with a biconical antenna at the Rx
side are performed, without rotating the turntable. That
is, the channel frequency responses were repeated P =

Fig. 4 Photograph of the line-of-sight (LOS) scenario
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Fig. 5 Photograph of the O-LOS scenario

720 times for the same position of the Rx. CIRs can be
calculated via inverse Fourier transform of the measured
frequency responses for each frequency band. One simple
way to check stability is to investigate the phase variation
of the narrowband received signal, which is obtained by
summing up the CIRs coherently over the delay domain.
The rms phase variation of the received signal is shown
in Table 3. The rms phase variation at 2 − 4 GHz is up
to 2.9◦, which is higher compared to phase variation at
14 − 16 and 28 − 30-GHz bands both for the LOS and
O-LOS scenarios. This might be caused by higher insta-
bilities in the measurements system at lower frequencies.
The rms phase variations are comparable in LOS and
O-LOS scenarios at all frequency bands.

4.2 Repeatability
Measurements with the horn antennas and the UCA were
repeated to investigate the repeatability of the measure-
ments. Note that in this case, the turntable is rotating
as shown in Table 2. To investigate the repeatability
of the results, the cross correlations of the narowband
received signals are calculated for each scenario among
different repetitions. The cross correlation is equal to 1
when two measurement results are identical. The worst
results among the repetitions are shown in Fig. 6. The

Table 2 Measured items during the measurement campaign

Item Scenario Repetition Turntable

Stability investigation LOS 1 Static

O-LOS 1 Static

UCA LOS 3 Rotation

O-LOS 3 Rotation

Horn LOS 2 Rotation

O-LOS 2 Rotation

measurements are generally highly repeatable, with cross
correlations between repetitions above 0.98 for all sce-
narios. The measurements with the horn antennas are
less repeatable due to a stronger cable effect (e.g., cable
bending) observed in practical measurements.

4.3 Horn antenna results
4.3.1 Main path identification
The measured power-angle-delay profiles with horn
antennas for the LOS and O-LOS scenarios for different
frequency bands are shown in Figs. 7 and 8, respectively.
The trajectories of the multipath components in the mea-
surement room can be obtained by relating the angle and
delay information of the multipaths (Figs. 7 and 8), to the
room geometry (Fig. 3), as shown in Fig. 9.
Note that the delay range is limited to 60 ns (corre-

sponding to 18 m in distance) in Figs. 7 and 8 for illus-
tration of the main paths. The spatial resolution is limited
by the beamwidth of the horn antennas. As detailed in
Table 1, the horn antenna operated at 2 − 4 GHz suffers
from low spatial resolution both in azimuth and elevation
domains, while the horn antennas operated at 14 − 16
and 28 − 30 GHz are much more directional, with a
beamwidth of 20◦ at the 28 − 30 GHz band in azimuth
domains. The delay resolution, however, is the same,
since the same bandwidth is set for the three frequency
bands.

Table 3 rms phase variations of the received field unit [°]

Static

Freq. [GHz] LOS O-LOS

2 − 4 2.4 2.9

14 − 16 0.2 0.4 7

28 − 30 0.7 1.5
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Fig. 6 Cross correlations of the received fields in two repeated measurements for different scenarios

LOS measurements at different frequency bands
are dominated by the LOS paths, while the O-LOS
measurement is more spatially rich, with quite a few dom-
inant paths in various specular directions. As seen in
Figs. 7 and 8, multipath components identified in the LOS

and O-LOS scenarios are quite similar, except the paths
impinging the Rx with AoAs around 0o and 180o, which
are blocked by the blackboard. It is worth noting that these
paths have a slightly different interpretation in the LOS
and O-LOS cases. For example, the path identified as 1

Fig. 7 Power-angle-delay profile measured with horn antennas for LOS scenarios at different frequency bands. The power dynamic range (i.e., color
bar range) is limited to 35 dB. Note that the horn antenna gain is embedded in the results for all the bands
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Fig. 8 Power-angle-delay profile measured with horn antennas for O-LOS scenarios at different frequency bands. The power dynamic range (i.e.
color bar range) is limited to 35 dB. Note that the horn antenna gain is embedded in the results for all the bands

Fig. 9 Paths identified (top view) based on the results reported at
14 − 16 GHz and 28 − 30 GHz in Figs. 7 and 8 for the LOS and O-LOS
scenarios. Note that path 2, which corresponds to a ground reflection,
and path 3, which corresponds to a ceiling reflection, are not present
in the figure

has the same AoA for both cases, yet it corresponds to
the LOS in Fig. 7, whereas in Fig. 8 it corresponds to a
diffracted path from the top edge of the obstructor. The
radius of the nth Fresnel zone can be calculated as:

Fn =
√

nλd1d2
d1 + d2

, (7)

where d1, d2 is the distance from the obstructor to the
Tx and Rx, respectively. In our measurement, the radius
of the first Fresnel zone at 30 GHz is 0.11 m, whereas
the height difference between the blackboard and the
antennas is only 0.09 m; thus the first Fresnel zone was
not completely obstructed by the blackboard, resulting in
the diffraction identified as path 1 in Fig. 8. The power
angle spectra measured for the LOS and O-LOS scenar-
ios at 14 − 16 and 28 − 30-GHz frequency bands are
shown in Fig. 10. The power angle spectra in the LOS
scenario match quite well with those in the O-LOS sce-
nario in non-LOS directions for both frequency bands, as
expected.
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Fig. 10 Power angle spectra measured for the LOS and O-LOS
scenarios at 14 − 16 and 28 − 30-GHz frequency bands. Note the
power values at two different bands are normalized to the LOS
component at 14 − 16 and 28 − 30 GHz, respectively

Contrary to the fact that only a few specular paths are
identified at 14−16 and 28−30 GHz, measured channels
at 2− 4 GHz present quite different results. This observa-
tion is consistent with results published in the literature,
i.e., channel profiles at millimeter wave bands are char-
acterized by fewer and sparser dominant paths compared
to typical cellular bands [9, 10]. A richer multipath envi-
ronment can be observed for the results at 2 − 4 GHz,
with many more paths present in the delay domain. This
might be due to a stronger diffuse scattering from objects
at the low frequency band, as the wavelength is more
comparable to object dimensions at the low frequency.
At the higher bands, the wavelength is much smaller, and
hence specular reflections are dominant. Different domi-
nant paths can be identified at 2− 4 GHz. Although some
specular paths can be identified at all frequencies (e.g.,
path 1, 2, 3, 4, 5, and 6), some of the paths present at 2− 4
GHz can not be identified at higher frequency bands (e.g.,
path 11 and 12). Also, some specular paths present at high
bands (e.g., path 7 and 8) cannot be clearly identified at
the low frequency band.
The main propagation paths from the Tx to the Rx can

be identified, as shown in Fig. 9. The angles and delays of
the identified paths at 14 − 16 and 28 − 30 GHz are quite
similar both for the LOS and O-LOS scenarios. How-
ever, the normalized power values of the identified paths
with same delay and angle at different frequency bands
might be different. As shown in Fig. 10, although main
paths impinge the Rx at same angles, the power values are
different.
In [2], scattering effects are shown in themeasurements,

whereas only specular components can be seen in our
measurements at 28–30 GHz. This might be due to the
fact that a small furnished office, where small scatterers
exist, was investigated in [2], whereas an empty roomwith

a few scatterers was selected in this paper. Moreover, a
wide dynamic range was used in [2], whereas in this paper,
the dynamic range in this paper is limited to 35 dB in order
to investigate only the dominant components. A richer
multipath environment could be expected in a furnished
room as shown in [16].

4.3.2 Room electromagnetic
Discussions in section 4.3.1 were focused on the accu-
rate characterizations of the main propagation paths, i.e.,
the LOS path and main reflected paths from the walls
and ground. We are also interested in the remaining part
of the CIRs that correspond to the non-dominant paths.
The rms delay spread τrms and mean excess delay τ̄ are
often calculated with respect to a threshold relative to
the strongest path. This ensures full compatibility of the
results, since noise is excluded from the calculation. The
τrms and τ̄ using a 30 dB threshold are shown in Table 4
for the LOS and O-LOS scenarios at different frequency
bands. τrms and τ̄ are larger in the O-LOS scenarios com-
pared with the LOS scenarios for all frequency bands as
expected, with an exception that τrms in the O-LOS sce-
nario is slightly smaller at 2 − 4 GHz, compared to the
higher frequency bands. τrms and τ̄ at 2−4GHz in the LOS
scenario are larger compared to higher frequencies due to
the richer multipath environments at the low band. τrms
and τ̄ at the O-LOS scenarios are, however, comparable at
the three different frequency bands.
The tail of the power delay profiles (PDPs) generally

have exponential decays with approximately the same
decay rates for different scenarios at different frequency
bands, as shown in Table 4, with a deviation up to 0.02
dB/ns around −0.26 dB/ns decay rate. The decay rate of
the delay tail is governed by the overall dimensions of the
room and an average absorption coefficient, and it is irrel-
evant to the propagation scenarios (i.e., LOS or O-LOS)
[18]. This is due to the fact that the room will be filled
with energy, resulting in a constant energy density for the
same delay [18]. It can be concluded based on the mea-
surement results that the average absorption coefficient
does not depend on frequency. Note that the decay rates
were calculated based on CIRs ranged from 60 to 200 ns
to avoid including the dominant paths. If the CIRs before
60 ns, where dominant paths are present, are considered,
the calculated decay rate will be different. The PDPs for

Table 4 τrms and τ̄ for the LOS and O-LOS scenarios at different
frequency bands

LOS O-LOS

Freq. [GHz] 2–4 14–16 28–30 2–4 14–16 28–30

τ̄ [ns] 29.5 20.2 19.5 37.7 38.8 37.1

τrms [ns] 12.9 7.3 6.1 12.6 10.9 11.0

Rate [dB/ns] –0.25 –0.25 –0.26 –0.24 –0.27 –0.27
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Fig. 11 Average power delay profiles for the LOS and O-LOS
scenarios at 28 − 30 GHz. Kaiser window with β = 6 was applied to
suppress the sidelobes in the inverse Fourier transform

the LOS and O-LOS scenarios at 28− 30 GHz and the fit-
ted lines are shown in Fig. 11. Note that different scenarios
at different frequencies not only have the delay tails with
the same decay rates, but also the power values in tails are
the same as well, as shown in Fig. 11.

4.4 UCAmeasurement results
4.4.1 Path loss
For the virtual UCA measurements, the path loss at
each element position i at each frequency band can be
expressed as:

PL(i) = 1
N

N∑
n=1

|Hi(fn)|2. (8)

The path loss results for the LOS and O-LOS scenar-
ios for the three frequency bands are shown in Fig. 12. In
the LOS scenario, the measured path loss results match
well with the calculated path loss from Friis equation, as
the LOS path is dominant. The deviation is mainly due
to the inaccurate antenna gains provided in Table 1 for
different frequency bands. The ripples in the measured
results are caused by the paths from non-LOS directions.
The path loss in the LOS scenario varies along element
positions as expected, e.g., minimum path loss present at
element position 360 (i.e., orientation angle 180◦), which
corresponds well to the element positions illustrated in
Fig. 3. The path loss in O-LOS scenario is around 10
dB higher compared to LOS scenario for 14 − 16 and
28 − 30-GHz bands, while only around 4 dB higher for
2 − 4 GHz.

4.4.2 Power-angle-delay profile
The CIRs received at different UCA element positions for
the LOS scenario at different frequency bands are shown
in Fig. 13. Similar to horn antenna measurement results,
a richer multipath environment can be observed at 2 − 4
GHz, compared with higher frequency bands. Only a few
specular paths can be identified from the delay variation
along array element positions at 14−16 and 28−30 GHz.
The power-angle-delay profiles obtained with frequency

beamforming techniques discussed in Section 2 for the
LOS and O-LOS scenarios at different frequency bands
are shown in Figs. 14 and 15, respectively. Similar to the
horn antennameasurement results, richer multipath envi-
ronments can be observed at 2 − 4 GHz, compared to
results in high frequency bands, both for the LOS and
O-LOS scenarios. Similar power-angle-delay profiles are
present at 14 – 16 and 28 – 30-GHz frequency bands.
A few dominant specular paths can be identified for all

Fig. 12 Path loss over different array element positions for three frequency bands for the LOS and O-LOS scenarios. Note that the transmit and
receive antenna gains at different frequency bands are de-embeded from the results
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Fig. 13 CIRs recorded at different UCA element positions for the LOS scenario at different frequency bands

Fig. 14 Power-angle-delay profile measured with UCA for LOS scenarios at different frequency bands. The power dynamic range is limited to 35 dB
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Fig. 15 Power-angle-delay profile measured with UCA for O-LOS scenarios at different frequency bands. The power dynamic range is limited to 30 dB

the frequency bands. Compared with horn antenna results
in Figs. 7 and 8, paths with same impinging angles and
delays are observed both for the LOS and O-LOS sce-
narios at different the frequency bands. The measured
power-angle-delay profiles with the UCA, although with
higher spatial resolution, suffers from high side lobes as
well. As explained in [24], the joint sidelobes in delay
and angle domains are caused by the joint frequency and
angle dependance inherent in phase in Eq. (4) with the
conventional beamforming technique. The focus of future
work will be on resolving the multipath components from
the array measurement results with other techniques, e.g.,
frequency invariant beamforming technique [24].

5 Conclusions
This work presents an extensive measurement cam-
paign and a detailed analysis of spatial-temporal chan-
nels at centimetric and millimetric bands in an indoor
environment. Multipath components were resolved in
space and delay via steering a wideband horn antenna
and via measurements with a virtual wideband UCA
in different frequency bands, respectively. Measurement
results include stability levels, repetition levels, power-
angle-delay profiles, path loss, room electromagnetic, etc.
Results show that:

• The measurement system is quite stable, with a rms
phase drift up to 1.5◦ at 28 − 30 GHz band.

• The measurement results are highly repeatable, with
a correlation between two repeated measurements up
to 0.98.

• Richer multipath components are present at lower
frequency bands due to diffuse scattering effects,
while specular reflections are dominant at millimeter
wave bands. The trajectory of the specular
components in a room are identified by relating the
multipath angle and delay information to the room
geometry. Investigations in a furnished room, where
more scatterers exists, will be performed in future
work.

• Room electromagnetics are not frequency dependent
in an empty indoor scenario. The tails of the PDPs
can be modeled with a exponential decay with decay
rate around −0.25 dB/ns.
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