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Virtual Antenna Array with Directional Antennas
for Millimeter-Wave Channel Characterization

Mengting Li, Fengchun Zhang, Yilin Ji and Wei Fan

Abstract—Millimeter-wave (mm-Wave) band channel model-
ing and characterization are essential for system design and
analysis in the fifth generation (5G) and future communication
systems. Reliable channel sounding in the deployment scenarios
is required for accurate and realistic channel modeling and
characterization. In the state-of-the-art, directional scanning
sounding (DSS) and virtual antenna array (VAA) sounding
are two popular methods due to their simplicity and cost-
effectiveness. The DSS and the VAA methods are typically based
on mechanically rotatable directional antennas and mechanically
movable omnidirectional antennas, respectively. However, the
spatial resolution is limited by the directivity and high side
lobes of the directional antennas used in the DSS method. The
conventional VAA method also has limitations in terms of the
low signal-to-noise ratio (SNR) and the unavailability of suit-
able omnidirectional antennas that support mmWave (above 60
GHz) band measurements and wideband horizontal polarization
measurements. In this paper, a novel directional antenna based
VAA framework in combination with the associated beamforming
algorithm is proposed. Compared to the state-of-the-art methods,
the proposed framework can achieve high angular resolution
and high SNR for mm-Wave channel measurements without
introducing additional cost and measurement time. Furthermore,
it is a generic solution which can be applicable for arbitrary
frequency bands and polarizations, unlike the conventional VAA
method. To validate the effectiveness and robustness of the
proposed method, experiments in two scenarios (a clean anechoic
chamber and a realistic indoor meeting room) were conducted
over 28 — 30 GHz with two types of directional antennas (i.e., a
horn antenna and a corrugated antenna). Besides, the advantages
of the proposed method are highlighted with a comparison to the
conventional VAA and DSS methods.

Index Terms—Beamforming, channel sounding, directional
antennas, Millimeter-wave (mm-Wave), virtual antenna array.

I. INTRODUCTION

ILLIMETER-wave (mm-Wave) and sub-Terahertz
(THz) technologies have attracted considerable atten-
tion from both academia and industry due to their potential to
meet the demands of high data rate in the fifth generation (5G)
and future communication systems [1]-[4]. Accurate Channel
characterizatoin in mm-Wave bands is of great importance
for mm-Wave wireless technologies with respect to the com-
munication system design and performance analysis [S]-[7].
Reliable and accurate channel sounding is crucial for channel
modeling and characterization.
Numerical simulation tools [8]-[10] have been investigated
by many research groups to explore the mm-Wave channels.
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However, the measurement-based methods are indispensible
for characterizing the realistic scenarios which are much more
complicated than the simulated scenarios. Many researchers
have made efforts to investigate channel spatial profiles
through measurements. Directional scanning with a single
high directivity antenna, also called as directional scanning
sounding (DSS) [11]-[13] is widely used in mm-Wave channel
measurements. The DSS method is usually achieved by a
horn antenna mechanically rotated on a turntable, which can
capture the signals from different directions. However, the
angular resolution is limited by the beam-width of the antenna
and the side-lobe effects can also jeopardize the estimation
results of multipath components (MPC)s [14]. Phased array
based channel sounders [15]-[17], which measure the spatial
channels using fast electronic beam-steering approach, have
attracted much attention from academia due to its capability of
measuring dynamic channels. However, this method typically
suffers from high side-lobes and limited steering range. Switch
arrays [18], [19], i.e., different physical antenna elements
are connected via an electronic switch to a single RF chain
can be an option to make a compromise between cost and
measurement duration. Appropriate array processing technique
is required to achieve high angular resolution for switch arrays.
Antenna arrays with parallel radio frequency (RF) chains [20],
[21], i.e., one RF chain for each antenna element can measure
channels in high dynamic environments. However, both the
switch arrays and antenna arrays with parallel RF chains need
to deal with complicated calibration procedures in mm-Wave
bands.

VAA is a popular and cost-effective method for measuring
static mm-Wave channels [5], [22]-[25]. The basic idea is that
a single omnidirectional antenna element can be moved to
different spatial positions by a positioner forming arbitrary
array configurations, such as uniform circular arrays (UCA)
[22], [23], rectangular arrays [5] and uniform cubic arrays [24].
The limitations of current VAA method using omnidirectional
antennas for mm-Wave band channel measurements are as
follows: 1) Wideband omnidirectional antennas beyond 60
GHz are hard to be obatined commercially. 2) The horizon-
tal polarized omnidirectional antenna operated in mm-Wave
bands are much more difficult to design [26] and even un-
available commercially. This is a current bottleneck for validat-
ing channel polarimetric profiles for multiple-input-multiple-
output (MIMO) over-the-air (OTA) studies in frequency range
(FR2) [27], since both vertical and horizontal polarization
measurements are required for channel polarimetric profile
analysis [28]. 3) Omnidirectional antennas have low antenna
gain which provides poor signal-to-noise ratio (SNR) and



constrains the measurement range, which is a major problem
for high frequency bands.

Based on the previous discussions, a directional antenna
based VAA framework is promising for mm-Wave and sub-
THz channel characterization. This new framework can benefit
from the use of both high gain antenna element and VAA
scheme. Nevertheless, it becomes challenging to achieve a
directional antenna based VAA in the following three aspects.
The first issue lies on the beamforming procedure. To totally
align the phase of each VAA element, the precise knowledge
of antenna phase pattern is required [29]. However, the phase
pattern is difficult to obtain in reality since it requires accurate
complex antenna pattern measurement in an anechoic chamber
and pre-knowledge of the antenna under test (AUT), e.g.
phase center location. The effects of directional antenna phase
pattern on the beamforming results are not investigated in
the literature. Besides, we have found that in this work high
back-lobe appears in the directional antenna based UCA beam
pattern when using convetional classical beamforming (CBF)
method for omnidirectional antenna based UCA as discussed
in detail in Section II-C. Note that these are not problems
for omnidirectional antennas since they usually have known,
stable phase centers and flat phase pattern over broad angles.
Moreover, since the investigations of directional antenna based
VAA are missing in the literature, the requirement of the
directional antenna used to form a VAA (i.e. which directional
antenna is more suitable for VAA scheme) is an open question.

In this paper, we attempt to achieve VAA concept based on
directional antennas for mm-Wave channel characterization.
The proposed method can further improve the angular resolu-
tion and suppresses sidelobe effects compared to DSS method.
It is worth noting that the benefits can be obtained without
additional measurement time or cost since the measurement
setup for VAA based on directional antenna and the DSS is
essentially the same with the exception that the directional
antenna is off-centered to form the UCA. We discussded and
validated the proposed directional antenna based VAA scheme
over 28-30 GHz. However, it can be used in all frequencies
in principle. It has the potential of conducting polarization
analysis and longer range measurements in sub-THz bands
since dual-polarized high gain antennas operating in this band
are commercially available. The main contributions of this
paper are summarized as follows:

o The phase pattern and phase center stability of two
different kinds of common directional antennas used for
VAA scheme, i.e. a horn antenna and an open waveguide
based corrugated antenna, are analyzed.

o A modified classical beamforming algorithm is proposed
for directional antenna based UCA.

o Comparisons with the DSS and the convectional omni-
directional antenna based VAA are provided in terms of
angular resolution, delay resolution, and estimated path
power.

o Comparisons with the performances of horn and corru-
gated antenna based VAA are provided and the selection
of the diretional antenna element is discussed.

o Simulations, and experiments in the anechoic chamber
and an indoor meeting room are conducted to validate

Fig. 1.

An illustration of the UCA in a multipath channel.

the proposed framework.
The rest of this paper is structured as follows. Section II
analyzes the phase pattern and phase center of three antennas
used in this paper and proposes a modified CBF algorithm
for directional antenna based VAA framework. Section III
analyzes and compares the simulation results of conventional
omnidirectional antenna based VAA, DSS method and the
proposed method. Section IV validates the proposed method
in an anechoic chamber and an indoor scenario. Comparisons
with the conventional omnidirectional antenna based VAA and
DSS methods are provided as well. Section V concludes the

paper.

II. METHOD
A. Signal Model

In the following discussions, a UCA is taken as an example
to illustrate the proposed concept since it can measure the mul-
tipaths from 0-360° in the azimuth plane with uniform beam
pattern and can be easily compared with DSS method. Note
that the proposed directional antenna based VAA framework
is not limited to any specific array configuration. Assume a
UCA composed of P directional antenna elements uniformly
distributed on a circle with radius r as shown in Fig. 1. The
angular position of the p-th element is ¢, = 27-(p—1)/P,p €
[1,P]. The spacing between two adjacent antenna elements
should not be larger than A/2 () is the free space wavelength
of the working frequency) to avoid spatial aliasing effects
[30]. Note that the signal model is a simplified 2-D model,
i.e. all multipath components (MPCs) are confined to the
azimuth plane. Assume that there are K multipath plane waves
impinging on the UCA with the incident angle of ¢;. The
frequency response at the UCA center can be expressed as

K
H(f) = arexp(—j2rfry) (1)

k=1



where oy, and 75 represent the complex amplitude and delay
of the k-th path (k € [1, K]), respectively. f € [fr, fu] is the
frequency band of interest. The channel frequency response
of the p-th array element is the superposition of the channel
frequency responses of the K paths, which can be given by

K
Hp(f) = Zak eXp(—jQﬂ'ka) 'ap(fa ®r)s 2

k=1

where a,(f, ¢r) is the array manifold coefficient of the p-th
array element of the k-th path which can be expressed as

i2nfr

ap(f, ¢r) = exp( cos(x — ¢p))g(f, ok — ¢p);  (3)

where c is the speed of light. g(f, ¢) is the complex radiation
pattern of the antenna element.
The classical beamforming result can be obtained by

P
QUf,0) =Y wp(f.0) - Hy(f) @)

where w,, is the complex weight assigned to the p-th antenna
element. The choice of w, is of great importance since
it affects power angle profile performance of the VAA in
terms of angular resolution and SNR. To align the phase
of array elements and maximally combine their respective
contributions [29], w,, should be:

ax(f, )
S lai(f,0) |

where (-)* represents the complex conjugate operator. The
principle of this weight assignment is to completely align the
phase of array elements considering both the phase pattern of
antenna element and array configuration. However, the accu-
rate phase pattern is generally not provided in the datasheet.
The phase center locations of common directional antennas
such as horn antennas or open-ended waveguide based an-
tennas are usually unknown. To make directional antenna
based UCA a practical method, it would be desirable that
we can achieve the VAA scheme without a-prior knowledge
of the complex antenna element pattern. Nevertheless, this
issue can be neglected in omnidirectional antenna based UCA.
Assuming an ideal omnidirectional antenna pattern, the array
weights in (5) can be simplified as

j2wfr
c

wp(f7 ¢) = (5)

wp(f,¢) = 5 exp[~ cos(¢ — pp)]. (6)

An ideal omnidirectional antenna has a stable phase center and
the phase pattern is a constant for all angles in the azimuth
plane. Thus, there is no need to consider the phase pattern.
Moreover, the antenna gain can be easily removed since all
the array elements receive the same signal power under the
far-field condition. For directional antenna based VAA, it
is necessary to analyze the phase pattern and phase center
stability of the antenna element for designing array weights
and achieving beamforming without knowing precise complex
radiation pattern of antenna element. The discussions of the

TABLE I
ANTENNA SPECIFICATIONS
Antenna type  |Frequency range (GHz)| HPBW (deg) |Gain® (dBi)
Biconical antenna 2-30 omnidirectional 6
Corrugated antenna 26.5-40 40 13.5
Horn 18-40 20 19
“Evaluated at 28-30 GHz.
TABLE II

MEASUREMENT SPECIFICATIONS

Parameter Specifications

Frequency span & sweep points|28-30 GHz; 1001 points
-179°-180°; 1°
70 dB

Rotation range & step

RF dynamic range

Laser tracker

Alignment

proposed modified CBF algorithm for directional antenna
based UCA will be presented later in Section II-C.

Finally, the channel impulse response in the joint delay-
angular domain can be calculated via inverse Fourier transfor-
mation:

f=fu
h(r,¢) = > Qf,¢)-exp(j2mfr) . (7)
f=fc

B. Phase Pattern and Phase Center Analysis

As discussed, it is essential to analyze the characteristics
of phase pattern and phase center of directional antennas to
propose a more practical array weighting scheme compared
with (6) and analyze the potential error sources of the proposed
method. A horn antenna [31] (model number: SAS-574) and
a corrugated antenna [32] (model number: ASY-CWG-S-265)
are used as examples to investigate their phase pattern and
phase center stability, since they are representative in our
analysis. A wideband biconical antenna [33] (model number:
SZ-20030000/P) with omnidirectional radiation pattern in the
azimuth plane is also analyzed for comparison purpose. The
specifications of these antennas are shown in Table I according
to the datasheets. The horn antenna is widely used in the DSS
method and can be easily obtained in the RF laboratories.
The corrugated antenna is a near-field probe antenna which
is known to have quite stable phase pattern and phase center.
In addition, these two antennas have different radiation per-
formances in terms of half power beamwidth (HPBW), side
lobes and phase pattern. These two directional antennas are
intentionally selected to validate the robustness of the proposed
method and investigate the requirements of the directional
antennas used for forming a VAA in channel measurements.

We measured the complex radiation patterns of these an-
tennas over 28-30 GHz in an anechoic chamber. Note that
the antennas are carefully aligned with the rotation center in
the measurements. The specifications of the complex antenna
pattern measurements are summarized in Table II. Fig. 2 shows
the normalized gain pattern of three antennas at 28, 29 and
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Fig. 2. Normalized gain patterns of (a) biconical antenna, (b) corrugated
antenna, and (c) horn antenna at 28, 29 and 30 GHz.

30 GHz. For corrugated and horn antenna, only measured
data within [-90°, 90°] and [-140°, 140°] are considered,
respectively, due to the dynamic range in the measurements.
The radiation pattern of biconical antenna is almost om-
nidirectional with up to 2 dB ripples. Fig. 3 depicts the
normalized phase pattern of different antennas at 28, 29 and
30 GHz. The phase pattern fluctuation for biconical antenna
at different frequency points is within 20° for all the angles.
Corrugated antenna has almost the same phase pattern in
different frequencies whithin [-90°, 90°] and the variation of
the phase pattern is relatively small within [-40°, 40°]. Except
for the angles around £50°, horn antenna also has similar
phase pattern for different frequencies and a flat phase pattern
can be observed within [-20°, 20°].

The raw phase data ®,,,., measured in the anechoic chamber
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Fig. 3. Normalized phase patterns of (a) biconical antenna, (b) corrugated
antenna, and (c) horn antenna at 28, 29 and 30 GHz.

can be expressed as

_27rfR
c

q)mea(fa ¢) = + w(f? ¢)7 (8)

where ¥(f,¢) and R are the phase pattern of the antenna
element and the distance between the probe antenna and the
phase center of the measured antenna, respectively. Since the
phase patterns of these three antennas are quite stable over
28-30 GHz as discussed before, the phase difference between
adjacent frequency points at any observed angle in the azimuth
plane can be described as

27T(fn+1 - fn)R
C b

AP, = — )
where f, is the n-th frequency point, n € [1,1000]. To
eliminate the measurement uncertainties, A®,, is divided into
M groups and we get average value wu,, for each group.



Then, the estimated R for different frequency groups can be
calculated using (9) as

U, - C

Ry, = oA S’ (10)
where Af is the frequency interval between two adjacent
frequency points and M is chosen as 10 in our case. The
standard deviation of R, has been implemented to evaluate
the shift level, i.e., stability of the phase center, which is
defined as

(1)

m=1

where R,, is the average of R,,. When ¢ is much smaller
than the aperture dimension of the virtual array, the phase
center of this antenna element could be considered stable. In
our measurements, the o of biconical antenna is less than 0.91
cm for all the observation angle in the azimuth plane. The o
of corrugated and horn antennas are 1.93 cm and 2.33 cm
within the observation angle range of [-90°, 90°] and [-140°,
140°], respectively. Although the o of the directional antenna
is bigger than the omni-directional antenna, it is still much
smaller than the diameter of the UCA discussed in this paper.

To summarize, phase patterns of these two directional
antennas in each direction are approximately unchanged over
frequencies within the main beam width. Although the phase
patterns of directional antennas vary in a large angular range,
the phase patterns within the main beam range are approxi-
mately constant. Besides, the phase centers of these three an-
tennas can be considered stable compared with the dimensions
of virtual arrays. These characteristics provide possibilities of
neglecting the compensation of phase pattern for directional
antenna based VAA. These are preconditions for the proposed
method discussed later.

C. Modified Classical Beam-forming Algorithm

Based on the phase pattern and phase center analysis in
Section II-B, we attempt to propose a practical and simple
modified classical beamformer for directional antenna based
UCA without considering the antenna phase pattern. As
discussed, this is desired for practical measurements, since
element phase pattern is typically not available or difficult
to measure accurately. The following simulations are based
on a far-field assumption and the measured complex radiation
pattern in Section II-B are used to calculate the beamforming
results.

The simplest way to achieve beamforming for directional
antenna based UCA is to apply the same array weights as
omnidirectional antenna based UCA in (7) i.e., using CBF
algorithm. The normalized array beam pattern of biconical,
corrugated and horn antennas using CBF are shown in black
line in Fig. 4 (a), and black dotted line in 4 (b), 4 (c),
respectively. The biconical antenna based UCA is used for
comparison. The analysis of simulation and measurement
results of biconical antenna based VAA in the rest of the
paper will all apply array weights in (7). A high back-lobe
appears in the array beam pattern of the directional antenna

-20 q
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-50 q

60 I I I I I I I
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Fig. 4. (a) The array beam pattern of biconical antenna based UCA using

CBEF algorithm. The antenna element and array beam pattern of (b) corrugated
antenna based UCA, and (c) horn antenna based UCA.

based UCA whereas the biconical based UCA provides high
angular resolution without back lobe. The main reason for the
back-lobe is that the array elements have very different antenna
gain given a certain observation angle in the azimuth plane for
directional antenna based UCA as depicted in Fig. 1, whereas
array elements have equal gain for the omnidirectional antenna
based UCA. Assuming the directivity of the UCA is the
highest at ¢ = ¢, the phase of the directional array elments
located towards the direction of ¢y can be partly aligned
when calculating the array beam pattern at ¢ = ¢¢ + 180°
resulting in the high back-lobe. Therefore, the array weighting
method adopted for conventional VAA scheme cannot be
applied directly, and there is a need for a new array weighting



method. To address this problem, a window function filtered
array weighting strategy is proposed as

j2rfr
wp = bl LT cos(0— o)) 5(0), (1)
where s(¢) is the window function which is define by
0, ¢— > B
sty = > 10 (13)
1’ ‘ ¢ - Spp |< Ba

where B is the selected angle range and the phase of (¢ —¢,,)
is wrapped within (—180°,180°).

Since the phase pattern is flat and phase center is relatively
stable in the main beam for directional antennas, phase pattern
compensation is not considered in (11). The basic idea is
to include only effective antenna elements according to the
observation angle ¢ and remove the undesired interference
from other array elements in the beamforming procedure. The
window function is used to select only the array elements
which locate inside a certain range to achieve beamforming
given an observation angle in azimuth plane, as shown in
the shadow parts in Fig. 1. The array elements included
in the beamforming procedure will adapt according to the
observation angle ¢ varies (see different shadow parts with
¢ = —90° or 180°, shown in Fig. 1).

The array beam patterns with different value of B are given
in Fig. 4 (b) (c) for corrugated and horn antenna based UCA,
respectively. When B is set as a small value, e.g., 20°, not
enough effective elements are included in the UCA, resulting
in insufficient angular resolution and sidelobe suppression as
seen the blue curves in Fig. 4 (b) and (c). On the other
hand, the back lobe becomes obvious when B is larger than
120°. Compared with the single antenna pattern, significant
improvements on angular resolution can be obtained when B
is within the range of [60°, 90°] and [50°, 90°] for corrugated
antenna and horn antenna, respectively. Moreover, the sidelobe
level is around -40 dB and -33 dB for corrugated antenna and
horn antenna, respectively, whereas the sidelobe level in Fig.
4 (a) is around -25 dB. It can be observed that the proposed
beamformer is efficient for directional antenna based UCA
to improve the angular resolution and suppress side lobes
compared with single directional antenna and conventional
omnidiretional antenna based UCA, respectively.

When the complex antenna pattern is available, it is straight-
forward to achieve the best choice of the window width by
simulating the array beam pattern using different value of
B. However, a 90° window can be a conservative choice
to include enough effective array elements and control the
back lobe power for different types of directional antennas
when the complex antenna pattern is not at hand. Note that
a smaller value of B might be enough for more directive
antennas. The angular resolution for a UCA in our discussion
is mainly determined by the antenna element pattern, i.e.,
the beam-width of the main lobe, and the array size, i.e.
the radius of the UCA. In practical, with the virtual array
concept, the angular resolution will not be a problem since
the number of virtual array elements and array size can
be set sufficiently large, while the side-lobe effects and the
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TABLE I
PATH PARAMETERS
Path index 1 2 3
a [dB] 0 -3 -9
¢ [deg] -60 0 -60
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Fig. 5. PADP of biconical antenna based VAA.

SNR are more important. When the element pattern, window
width and the size of UCA remain the same, only array gain
will be improved as the number of array elements becomes
bigger. However, no obvious differences can be observed in
terms of angular resolution and side lobe level since the
effective array aperture does not change. Therefore, similar
parameter estimation performances can be achieved as long
as the number of the array elements in the UCA fulfills the
requirement of avoiding spatial aliasing given a fixed size
of UCA and window width. Note that the array element
number P is set as 360 in all our measurements since the
measurements are fully automated and the measurement time
is acceptable.

III. SIMULATION RESULTS AND DISCUSSIONS

In this section, the comparisons of the simulation results
between DSS method, conventional omni-directional antenna
based VAA, and the proposed directional antenna based VAA
are provided and discussed. The conventional VAA and the
directional antenna based VAA use the classical and modified
classical (i.e., with window function) beamforming algorithms,
respectively, to achieve the beamforming results and then
obtain the PADP, whereas the PADP of DSS method is directly
calculated from the measured frequency response at each
pointing angle. In the simulation, a UCA composed of 360 an-
tenna elements with radius 0.2 m is considered. The measured
complex radiation patterns are also used in the simulation. The
window width B is chosen as 90° for both the corrugated
antenna and horn antenna based UCAs.The frequency band is
from 28-30 GHz with 1001 frequency points. A representative
scenario with three paths was simulated as summarized in
Table III. The impinging angles, amplitude and delay of three
paths are designed to demonstrate the proposed method in a
critical scenario.



Azimuth [deg]
Power [dB]

0 10 20 30 40 50 60 70
Delay [ns]

(a)

Azimuth [deg]
Power [dB]

0 10 20 30 40 50 60 70
Delay [ns]

(b)

Fig. 6. PADPs based on (a) proposed method and (b) DSS method using
corrugated antenna.
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Fig. 7. PADPs based on (a) proposed method and (b) DSS method using
horn antenna.

TABLE IV
THE ESTIMATED AMPLITUDE OF MPCS

Antenna type Path 1 Path 2 Path 3

Biconical antenna -1.0 dB -4.2 dB -10.2 dB
Corrugated antenna -0.8 dB -4.0 dB -10.0 dB
Horn antenna -2.5dB -5.6 dB -11.4 dB

The power angle delay profiles (PADPs) using biconical,
corrugated and horn antennas are given in Fig. 5, Fig. 6. and
Fig. 7, respectively. Note that the antenna gains are removed
with the knowledge of the amplitude of antenna patterns. In
Fig. 5, the PADP of biconical antenna based VAA, though
with high angular resolution, suffers from high joint sidelobes
in both delay and angle domains, which was detailed in
[34]. Path 2 and path 3 are difficult to be separated using
DSS method as shown in Fig. 6 (b) and Fig. 7 (b). The
proposed method greatly improves the angular resolution and
efficiently suppresses the side lobe effects as shown in Fig.
6 (a) and Fig. 7 (a). Comparing the results of corrugated
antenna and horn antenna, corrugated antenna has a better
angular resolution. The estimated angle of arrivals (AOAs) and
delay of both biconical antenna and directional antenna based
VAA schemes achieve excellent consistency with the pre-set
values. The estimated path amplitude using different methods
are concluded in Table IV. The biconical, corrugated and horn
antenna based VAAs have the maximum 1.2 dB, 1 dB, 2.6 dB
errors in path amplitude estimation. The errors of biconical
antenna based VAA come from the non-ideal omnidirectional
pattern as depicted in Fig. 2 (a). The power estimation errors
of directional antenna based VAA are mainly caused by the
uncompensated phase pattern, which makes the estimation
power lower than the real value. Horn antenna has larger errors
than corrugated antenna since it has a phase pattern with more
violent fluctuation in the main beam. However, all the three
methods can obtain quite accurate relative power estimation
of MPCs.

Some requirements of the directional antennas used to form
a VAA can be concluded from the previous analysis and the
simulation results.

o A stable phase center which can be evaluated using (11).

This guarantees that the configuration of the VAA is
stable, i.e. the radius r of a UCA.

A flat phase pattern in the main beam. In particular, at
least the phase pattern deviation within the HPBW should
be within [-10°, 10°] to ensure that the signals received
by the array elements within the range of HPBW could be
added up in phase in the beam-forming procedure. This
is the prerequisite of the proposed modified CBF method
and the requirement is more demanding when accurate
power estimation of MPCs is expected.

Appropriate beam-width of the main lobe. Wider beam-
width can provide higher angular resolution given a
fixed size UCA, however, lower antenna element gain
in general, which indicates a smaller dynamic range in
the measurements. An elaborate selection of the beam-
width of the antenna element might be helpful to balance



the angular resolution and the dynamic range during the
measurements. However, our measurement results have
shown that the proposed scheme works well for the
popular standard gain horn antenna and the corrugated
antenna.

IV. MEASUREMENT VALIDATIONS

To verify the proposed directional antenna based VAA
system in practice, measurements were conducted in two
static environments, i.e., an anechoic chamber and an indoor
meeting room. Biconical antenna based VAA was measured
and analyzed as a reference VAA scheme. For directional
antennas, there are two groups of measurements. The first
is to measure the channels using DSS method by setting
the directional antenna at the rotation center and recording
the data at each uniform angle in azimuth plane. This group
of measurements are used as reference DSS measurements.
The second group of measurements are used to validate the
directional antenna based VAA framework. The UCA was
realized virtually by mounting antenna element on a positional
rotator. We obtained P = 360 elements of the UCA array
by automatically positioning the antenna at uniform angles
and the radius r (the distance between the antenna and the
rotation center was 0.2 m for measurements in an anechoic
chamber and 0.1 m in an indoor meeting room, respectively.
Note that the measurement systems of the first and the second
group are essentially the same except the position of the
antenna relative to the rotation center. The frequency band
is from 28 to 30 GHz with 1001 frequency samples for each
uniform angle. It can be calculated that the delay resolution
is 0.5 ns and the maximum measurement range is around
105 m given the bandwidth of 2 GHz. The transmit power
for the indoor measurements is -5 dBm. For simplicity, the
measurements with only one polarization are conducted for
directional antenna based VAA. However, it is straightforward
to conduct dual polarization measurements using the proposed
method. In the following analysis, a dynamic range of 30 dB
is considered for all plots.

A. Anechoic chamber measurements

We first validate the proposed method in an anechoic
chamber with only one direct path radiated from the probe
antenna as shown in Fig. 8. The probe antenna was fixed
and the antenna used to form VAA was set on the rotator
and the center of the antennas are aligned by laser with the
same height as the probe antenna. The signals were excited by
VNA and transmitted to probe antenna through cables, and the
antenna used to form a VAA received signals and transmitted
the signals back to VNA. So;(f) was measured to characterize
the channels and the system response introduced by the cables
could be removed via calibration.

The PADP measured with biconical antenna based VAA is
shown in Fig 9. Fig. 10 depicts the PADPs based on VAA
and DSS methods using corrugated antenna, while Fig. 11
for the horn antenna. Although the path can be identified
in Fig. 9, the joint side lobes are obvious. In Fig. 10 (a)
and Fig. 11 (a), the proposed method provides high angular

(@ (b)

Fig. 8. (a) The photo of the probe antenna. (b) The horn antenna used to
form the VAA.
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Fig. 9. PADP measured with biconical antenna based VAA in an anechoic
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Fig. 10. PADPs based on (a) proposed method and (b) DSS method using
corrugated antenna measured in an anechoic chamber.
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Fig. 11. PADPs based on (a) proposed method and (b) DSS method using
horn antenna measured in an anechoic chamber

resolution in accordance with the simulation results. The horn
antenna has high sidelobes, which may be identified as fake
paths using DSS method as shown in Fig. 11 (b). The HPBW
of the corrugated antenna is around 40°, resulting in a low
angular resolution using DSS method as shown in Fig. 10 (b).
However, the corrugated antenna provides a higher angular
resolution than horn antenna using VAA scheme. The delay
of the path can be accurately estimated by all methods. The
path amplitude estimated by DSS method using horn antenna
is -29.7 dB, which is used as a reference. The biconical,
corrugated and horn antenna based VAA have 1.6 dB, 1.3
dB and 2.2 dB differences compared with the reference.
Consistent results as in the simulation can be observed, i.e.
best results acheived by the corrugated antenna, and worst
results by the horn antenna.

B. Indoor measurements

The indoor measurements were conducted in a meeting
room with some furniture and a metal plate with the dimen-
sions of 56 mm x 85 mm which was placed between the
antennas to form an obstructed line-of-sight (O-LOS) scenario,
as shown in Fig. 12. The O-LOS scenario includes rich MPCs
with a few dominant paths from different directions. The
measurement system consists of a VNA, two cables, Tx, Rx
antennas and a rotation platform. Transceiver (Tx) antenna is
a corrugated antenna which operates over 24-38 GHz with a
HPBW of 40°. The receiver (Rx) antenna specifications are
listed in Table 1. The transmission of the signal is similar to
that in the anechoic chamber. However, we need to move the
antenna from the rotation center to a position of 0.1 m away
manually to form a VAA, which may introduce uncertainties

rotator

~»Tx antenna cables

Fig. 12. The photo of the meeting room.
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Fig. 13. PADP measured with biconical antenna based VAA in a meeting
room.

in the radius of the UCA. Both Tx and Rx antennas were
all placed 93 cm above the floor. The center of Tx and
Rx antennas were aligned manually and required alignment
every time when changing the Rx antenna, which may bring
some non-stationarity to the channel profiles. The back-to-back
calibration was conducted before measuring the channels.
Fig. 13, Fig. 14 (a), and Fig. 15 (a) show the PADPs
of biconical, corrugated, and horn antenna based VAAs, re-
spectively. The differences between the PADPs measured by
biconical, corrugated and horn antennas based VAAs as shown
in Fig. 13, Fig. 14 (a), and Fig. 15 (a), are mainly caused by
the following two reasons. Firstly, the side-lobe effects of the
omni-directional antenna based VAA are severe using CBF
algorithm. The CBF is achieved by shifting the phase of each
element frequency response into alignment, the frequency-
dependent phase shift also generates side-lobes which vary
according to the frequency of operation [34]. As a result, the
joint side-lobes in delay and angle domains (seen in Fig. 13)
can be identified as fake paths in channel characterization.
However, the joint side-lobes are not observed in PADP mea-
sured with directional antenna based VAA since the side-lobes
are very weak. Besides, the HPBW of biconical, corrugated
and horn antennas in the vertical plane is different. Although
we only consider a 2-D angular domain in our estimation, the
Rx antennas can receive the paths coming from a 3D scenario
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Fig. 14. PADPs based on (a) proposed method and (b) DSS method using
corrugated antenna measured in a meeting room.

TABLE V
PATH PARAMETERS OF THE INDOOR MEASUREMENTS
Path 1o Corrugated antenna based VAA Ray-tracer
" | AoA (deg) delay (ns) Ao0A (deg) | delay (ns)
1 -12 17 -13 17.2
2 0 18 0 17.5
3 -39 19.5 -35 19.4
4 -165 27 -165 27.9
5 168 30.5 158 30.0

in practice. Therefore, antennas with wider HPBW in vertical
planes might capture more paths than antennas with narrower
HPBW. The PADP measured by directional antennas using
DSS method are shown in Fig. 14 (b) and Fig. 15 (b). They are
used as references to discuss about the estimation accuracy of
angle of arrival (AOA) and delay of MPCs. The five dominant
paths are marked in all PADPs.

Path 1 and path 2 are the diffraction paths passing over the
top and right edge of the metal plate, respectively. Path 3 is
the reflection wave from the cupboard. Path 4 is the second
order reflection on the blackboard and wall whereas path 5
is the second order reflection on the left wall and the back
wall. The path trajectories of the channel measurements in the
meeting room are shown in Fig. 16. For simplicity, we assume
only low-order bounces, i.e., (up to 2 bounces) for specular
reflection and one bounce for diffraction in our ray tracer. We
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Fig. 15. PADPs based on (a) proposed method and (b) DSS method using
horn antenna measured in a meeting room.
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Fig. 16. Trajectory of the MPCs in relation to the room geometry. The dashed
lines represents the diffraction paths.

have marked the paths obtained from the ray tracer with white
circles on the PADPs measured by VAA schemes as shown
in Fig. 13, Fig. 14 (a) and Fig. 15 (a). The five dominant
paths can be identified and the estimated delay of MPCs are
in accordance with the references for all directional antenna
based VAA schemes. The AOA of path 1 and path 2 shown
in Fig. 13 has around 8° difference from the results of DSS
method shown in Fig. 15 (b) whereas the other three paths
are matched well. The metal plate has to be removed when
doing the alignment of antenna center for each measurement.
The positioning error of the mental plate might cause the



change of the AOA of path 1 and path 2. Since the estimated
parameters of the dominant paths obtained from corrugated
antenna and horn antenna based VAAs have good agreement
with each other, we only compare the results obtained from
the corrugated antenna based VAA and ray tracer as shown
in Table V. The parameters obtained from the measurements
agree well with the ray tracing results. Small differences might
come from the measurement errors of the dimensions and
locations of the obstacles. Comparing the estimated DOA and
AOA using proposed method with those using DSS method,
a good match can be observed for both corrugated antenna
and horn antenna. Besides, the corrugated antenna based VAA
provides higher angular resolution than the horn antenna based
VAA. The sidelobes of horn antenna in Fig. 15 (a) is efficiently
suppressed using the proposed method in comparison with the
DSS method.

V. CONCLUSION

In this paper, we propose a novel directional antenna
based VAA framework and window function filtered weighting
method to characterize the mm-Wave band channels. The
phase pattern and phase center stability of two representative
directional antennas, i.e, a horn antenna and a corrugated an-
tenna are analyzed. The angular resolution and SNR are signif-
icantly improved, and the side lobes are efficiently suppressed
in PADP results with the proposed method, as validated in
the simulations and experiments. Directional antenna based
VAA shows advantages over DSS and omnidirectional antenna
based VAA. Besides, the comparison of two different direc-
tional antenna based VAAs provides instructions of selecting
the directional antenna element forming a VAA. The proposed
directional antenna based VAA framework has promising
applications in achieving accurate channel characterization
in both vertical and horizontal polarizations for mm-Wave
and sub-THz bands, which might break through the current
bottleneck in channel characterization.

In addition, the proposed method still has chances to further
improve the SNR and suppress the side lobes. Moreover,
the proposed concept has promising applications in sub-THz
channel modeling and estimation. These possible extensions
will be considered in our future works.
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