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On Angular Sampling Intervals for Reconstructing
Wideband Channel Spatial Profiles in Directional
Scanning Measurements

Wei Fan, Fengchun Zhang, Zhengpeng Wang, Ole K. Jensen and Gert F. Pedersen

Abstract—Directional scanning measurement is the dominant
strategy taken to measure channel spatial profiles for mil-
limeter wave (mmWave) frequency bands. The focus of the
paper is on wideband channel spatial profile reconstruction
and angular sampling interval (ASI) selection for directional
scanning measurement. We propose to employ the trigonometric
interpolation technique to reconstruct the spatial channel profile
and to use Nyquist sampling theorem and spherical wave mode
theory to determine the ASI. Our analysis demonstrated that
the half-power beam width (HPBW) of the antenna is a good
approximation for the ASI setting to ensure accurate directional
scanning measurements. The reconstructed power-angle-delay
profile (PADP), composite power angular spectrum (PAS), delay
and angle characteristics match well with those of the target in
the measured data when the ASI is set to the antenna HPBW.

Index Terms—Radio channel sounding, directional scanning,
trigonometric interpolation, spherical wave modes.

I. INTRODUCTION

Millimeter wave (mmWave) communication has been seen
as an enabling technique for the fifth generation (5G) cellular
systems, while terahertz (THz) frequency is envisioned as a
key wireless technology for 5G beyond [1]. Understanding
how radio signal propagates in the deployment scenario is the
key to the design and development of wireless systems, which
requires reliable radio channel sounding data.

Directional channel scanning, either based on mechanically
rotatable directive antennas with the help of a turntable [2], [3]
or electrically-steerable antennas [4], [S], has been the domi-
nant solution to measure the channel at high frequency bands.
This is mainly due to the high gain (thus a large measurement
distance), low cost and simplicity offered by the directional
scanning systems. Numerous works have been reported based
on the directive scanning measurements. In [6], [7], different
techniques to estimate the omni-directional path loss model
from the directional scanning measurements were validated.
[8] investigated how to reconstruct the power delay profile seen
by an omni-directional antenna based on directional scanning
measurements. A technique was proposed in [9] to de-embed
the antenna pattern from captured channel profiles to obtain
propagation channel. In [10], it was numerically demonstrated
that the multipath parameter estimation accuracy is related to
the ratio of the antenna half power beamwidth (HPBW) to
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the angular sampling interval (ASI). For directional scanning
measurements, measured channel spatial profiles are affected
by the measurement antennas in two aspects. The first one is
introduced by non-ideal antenna radiation pattern (i.e. wide
beamwidth for the main beam and undesired high side-lobes)
[9], [10]. In practical measurements, antenna pattern of the
measurement antenna often cannot be de-embedded from the
measured data easily. Therefore, main beam width and side-
lobe levels should be carefully considered when selecting the
measurement antenna. The second aspect is related to the ASI
selection, which is the main focus of this work.

For directional scanning measurements, the selection of the
ASI is a trade off between measurement time and accuracy. It
is not wise to waste time and effort for too high oversampling.
Hence, it is highly important to provide solid theoretical view
to this parameter choice, which is often selected based on
experience and some rules of thumb in the literature. The
choice of the ASI is typically determined by the directivity
of antenna. For example, approximately half of the HPBW
in [1]-[3], [6], and approximately the same as HPBW in [7]
were reported for the ASI setting, respectively. To ensure that
sufficient angular samples are available, a popular strategy is
to set a much smaller ASI than the HPBW (e.g. 0.5° or 1°
scanning step), see e.g. in [9], [11], [12].

However, no detailed theoretical and experimental analysis
has been reported on how to select the ASI for directional
scanning measurement. Furthermore, it is also unclear how
wideband spatial channel characteristics, e.g. power-angle-
delay profile (PADP), wideband power, delay and angle pa-
rameters, would be affected by the ASI setting, to the best
knowledge of the authors.

In this paper, we attempt to address this aspect by employing
the well-known trigonometric interpolation technique, which
is used to reconstruct antenna radiation pattern and channel
spatial profile. We further propose to determine the ASI based
on the Nyquist sampling criteria and spherical wave mode
theory. The impact of ASI selection is further validated with
simulated and measured horn antenna patterns, and measured
spatial channel profiles. To evaluate the performance of the
interpolation algorithm and its dependence on ASI selection,
the interpolated results (with various ASI settings) are com-
pared to those with a much higher angular resolution (i.e. a
small ASI setting) in the simulated and measured results.

The rest of this paper is structured as follows. In Section II,
the principle of trigonometric interpolation for channel spatial
profile reconstruction is described. Section III describes the



application of Nyquist sampling theorem and spherical wave
mode theory for ASI determination, and discusses mode num-
ber selection (i.e. ASI selection) rule for directional scanning
measurement. In Section IV, the dependence of the interpo-
lation performance on ASI selection is investigated for the
measured horn antenna pattern and wideband channel spatial
profiles. The impact of ASI selection on channel parameter
accuracy is also presented in Section IV. The conclusion is
provided in Section V.

II. TRIGONOMETRIC INTERPOLATION

For antenna pattern interpolation, many methods have been
proposed in the literature, e.g. the effective aperture distribu-
tion function (EADF) method [13], [14] and trigonometric
interpolation method [15]. In this paper, we address this
problem with the trigonometric interpolation method, due to
the fact that antenna patterns and channel spatial profiles are
periodic functions.

For simplicity, the discussion in the paper is focused on
one dimension (1D) interpolation (i.e. azimuth domain only),
though the extension to 2D interpolation (i.e. both azimuth
and elevation domain) is straightforward.

The 1D gain pattern of an antenna g(#) can be approximated
by a discrete set of data as:

N N
g(0) = ap+ Z ap, cos(nd) + Z by, sin(nd), 6 € [0,27] (1)

n=1 n=1

where {ag,a1,...,an} and {b1,...,bx} are the 2N + 1 un-
known coefficients. The 2N 41 coefficients can be solved once
2N + 1 samples, g(6,,), are available. More specifically, since
the scanned directions (i.e. discrete samples) are typically
equally spaced in practice, the solution of the 2N + 1 coeffi-
cients can be directly given by its discrete Fourier transform.
How well the interpolated antenna pattern approximates its
true pattern is determined by the number of samples 2N + 1
with AST = 360°/(2N + 1). We propose to determine the
ASI based on the Nyquist sampling and spherical wave mode
theory.

III. ASI DETERMINATION

Horn antennas are dominantly employed in the directional
scanning measurement. Therefore, we use the horn antenna
as an example in our numerical analysis. The horn antenna
can be approximated by the TE;j mode rectangular aperture,
i.e. assuming constant phase over the aperture and infinite
ground plane [16]. The far field E-fields and the HPBW can
be directly calculated according to the Table 12.1 in [16] for
the TE19 mode aperture distribution on the ground plane. To
mimic the horn antennas employed in the measurement (as
explained later), the dimensions of the rectangular aperture
a = 3.2)\ and b = 3\ are set. Following formulas in Table
12.1 in [16], the HPBW of the antenna is 21° for the H-plane
and 17° for the E-plane, respectively. The vertically polarized
antenna gain pattern and its azimuth cut (i.e. with ¢ = 0°) are
shown in Fig. 1 and Fig. 2, respectively. The HPBW of the
pattern in Fig. 2 is 21°, which agrees well with the theory.
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Figure 1. Polar contour plot of the normalized antenna pattern [17]. The
actual antenna gain is 18.7 dBi. ¢ = 0°/180° denotes the azimuth cut (H-
plane).
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Figure 2.  The azimuth cut of the normalized antenna pattern and the

interpolated antenna patterns with different ASIs.

A. Nyquist sampling theorem

According to the Nyquist sampling theorem, the antenna
pattern can be exactly reproduced, if we sample at least twice
of the maximum mode (i.e. harmonics) in the trigonometric
mode spectrum of the antenna pattern. The mode spectrum can
be obtained via performing Fourier transform of the antenna
pattern, as shown in Fig. 3. As explained, the 2N + 1 mode
coefficients {ag,a1,...,an} and {b1,...,bn} can be directly
given by the discrete Fourier transform. Note that only mode
coefficients |a,| are plotted, since we have |b,| = 0 due to
the symmetry of the antenna pattern. To perfectly reconstruct
the antenna pattern, N approaching infinite would be required.
However, as shown in Fig. 3, the mode coefficients drop off
rapidly. The accumulated power of N = 4, 8 and 12 modes



is 67%, 96% and 99.8%, respectively. We can select N = 4,
8, and 12, and reconstruct the antenna pattern following the
trigonometric interpolation (1), as shown in Fig. 2. With
N = 8§, the reconstructed antenna pattern matches well with
the target one with a 20 dB range, with 0.6 dB drop in
main beam direction and slightly wider bandwidth. A large
deviation exists with N = 4, compared to a good match
achieved with NV = 12 with the 30 dB range. This analysis
indicates that N = 8, i.e. ASI set to the HPBW 21°, is a good
approximation for directional scanning measurements, though
a better accuracy would require a smaller ASI setting.

la, | [dB]

Accumulated power / total-power [%)]

Figure 3. Trigonometric mode spectrum of the antenna pattern and accumu-
lated power percentile.

The discussion can be applied for asymmetrical directive
antenna patterns in principle. For asymmetrical case, the mag-
nitudes of both b,, and a,, would decrease as the mode index
in the mode spectrum goes up, resulting in limited number
of dominant modes. Directive antennas employed in practical
measurements are typically symmetric horn-type antennas,
which highly resemble the simulated antenna with its radiation
pattern shown in Fig. 1. Note that the accumulated power is
used as the metric to determine the ASI in the paper, which has
not been reported in the literature. For practical measurements,
it would be good to know a rule of thumb to determine the
ASI. We have shown that around 95% of total accumulated
power (i.e. the majority of the power) is accounted for, if
the HPBW is selected as the ASI. Same analysis is also
performed for synthetic directive antennas according to the
3GPP specification [18], and similar conclusions have been
reached.

B. Spherical wave mode analysis

Alternatively, the number of modes or ASI can be deter-
mined based on the spherical wave mode analysis as well.
According to [19], the radiation pattern of any antenna with
a fixed size can be described with a finite series of spherical
wave modes, which can be given by an empirical rule as:

K= [2;7"0] + k1, 2

where [-] is the ceiling function, r, is the radius of the
minimum sphere that circumscribes the antenna, and A is the
wavelength. k; is the accuracy parameter, which is a small
integer typically ranging from 0 to 10 [19]. This is the well-
known cut-off property of spherical modes (i.e. only modes
with K < 27”% are of importance since higher modes are
heavily attenuated). According to (2), the number of required

modes is K = [25r,) + by = 2022 g — g g gy

Therefore, the number of required samples (2K + 1) calculated
following (2) is significantly larger than that obtained when
the ASI is set to the HPBW. Note that (2) is employed to
ensure accurate antenna pattern measurements, where accurate
measurement of all antenna parameters, e.g. the antenna main
beam, side-lobe levels, nulls and cross polarization ratio of the
antenna, are targeted. However, the main objective of our work
is only to detect direction and power of impinging signals in
directional scanning measurements, whose accuracy is mainly
ruled by the antenna main beam if the side-lobes are insignif-
icant. As explained in the introduction, the measured PAS
would be affected by high sidelobes of the directive antenna,
which cannot easily be de-embedded from the measured data.
It is often required that the employed antenna should have a
low sidelobe level (SLL), e.g. less than —20 dB as shown in
Fig. 2, to reduce the influence of the sidelobes. Therefore, the
measurement accuracy is mainly ruled by the antenna main
beam and the required number of modes will be consequently
smaller than that determined by (2).

A more reasonable criteria is to evaluate whether all dom-
inant spherical wave modes are accounted for when selecting
the number of modes. Once the E-fields are calculated for
the rectangular aperture, we can obtain the mode power
spectrum using the standard spherical near-field to far-field
transformation tool [19], as shown in Fig. 4. We can clearly
observe that all modes larger than K = 14 are significantly
attenuated (black plus signs), which justifies the cut-off prop-
erty as expected. The first eight modes combined account
for 94% of total power, which indicates that the majority of
the power is covered if the HPBW is selected as the ASI.
Therefore, although K = 8 violates the rule of thumb for
accurate antenna pattern measurement, it could be a good
approximation for directional scanning measurement. As a
summary, we can reach a consistent selection on ASI using
both the Nyquist sampling and spherical wave mode theory.

C. Mode number selection discussion

As discussed, the cut-off property in (2) is employed to
determine the number of samples in order to accurately
obtain all antenna pattern parameters (including main beam,
sidelobes, backlobes, nulls, etc). Fewer samples (determined
by the total accumulated power) are sufficient due to the
fact that mainly the main beam pattern should be accurately
measured for directional scanning measurements.

For the trigonometric mode spectrum of the antenna pattern
(i.e. the Fourier transform of the antenna pattern), the spectrum
of the azimuth-pattern (H-plane pattern) is determined from
the azimuth cut alone. For 2D case, we would need a 2D
trigonometric interpolation of the 2D antenna pattern. The
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Figure 4. Mode power spectrum and accumulated power percentile for the
rectangular aperture.

dominant modes can be then found following the Nyquist
sampling theorem from the 2D trigonometric mode spectrum.
For antenna measurement, according to spherical near field
antenna measurement theory [19], the total number of required
modes is given by Ky = 2K (K + 1) with K calculated by
(2). To determine the required spherical wave modes for 2D
spatial channel reconstruction, we need to consider both the
polar mode and azimuthal mode spectrum of the field to ensure
that the majority of the accumulated power is accounted for
by selecting the dominant modes.

IV. EXPERIMENTAL VALIDATIONS

A directional scanning measurement in an indoor basement
was reported in [12] and summarized below. The measurement
system consists of a vector network analyzer (VNA), a local
oscillator (LO)/intermediate frequency (IF) distribution unit,
and two reference mixer modules, as illustrated in Fig. 5. The
mixer module is used to down-convert the received mmWave
signals at the Rx to a lower frequency to reduce the cable
transmission loss (thus to improve the dynamic range). Both
measurements in the line-of-sight (LOS) and obstructed LOS
(OLOS) scenarios were carried out. In the OLOS scenario, a
metallic plate was placed between the transmit (Tx) antenna
and receive (Rx) antenna to block the paths in LOS directions.
A VNA equipped with an omni-directional vertically polarized
Biconical antenna (Tx) and a directive vertically polarized
horn antenna (Rx) were employed to record the channel
frequency response. The gain of the Tx antenna and the Rx
antenna at 29 GHz is 6 dBi and 19 dBi, respectively. The Rx
antenna was rotated in the center of an automated turntable
with 720 steps, i.e. with a rotation step of 0.5°. The frequency
range is 28 GHz to 30 GHz using a total of 750 points for each
scanning direction, i.e. a frequency resolution of 2.67 MHz.
The delay resolution is 0.5 ns, which corresponds to a 0.15 m
distance resolution. The horn antenna has 21° HPBW in the H-
plane. The measured horn antenna pattern was extracted from
the PAS corresponding to the LOS path, as shown in Fig. 6.
Note that the measured antenna pattern slightly differs from

the one in data sheet due to distortion introduced by the cable
effect in the setup.

Rx
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VNA e .
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Figure 5. An illustration of the measurement system.

A. Antenna pattern

The interpolated antenna patterns together with the true
antenna pattern for the Rx antenna are shown in Fig. 6. Note
that the antenna patterns are normalized by the maximum gain
of the Rx antenna. As we can see, with a large ASI setting (i.e.
ASI > 21°), the main beams of the reconstructed patterns are
wider than that of the target, leading to errors in the channel
parameters of reconstructed channel (as discussed later). With
a small ASI setting (i.e. ASI < 21°), we can obtain the same
main beam. The smaller ASI we set, the better antenna pattern
reconstruction accuracy we can achieve, as expected. With
ASI setting at 21° and 10°, the reconstructed antenna pattern
matches well with the target one with 20 dB range and more
than 30 dB range, respectively, which is consistent with our
analysis in Section III-A.
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Figure 6. The measured and reconstructed horn antenna patterns with various
ASIs.

B. PADP

For spatial channel sounding with a large system bandwidth,
we can assume that multipath components are distinguishable
in the delay domain. At each delay index, the multipath
component is spatially sampled by the rotational directional
antenna. The spatial power pattern at each delay index is



therefore only a scaled (multipath gain) and rotated (multipath
impinging angle) version of the antenna pattern. Therefore,
we can apply the trigonometric interpolation technique for
wideband spatial channel reconstruction. In the measurement,
the recorded PADP samples of the channel can be denoted by
P(r,¢) € RNV~*Ne with N, and N, denoting the number
of delay indexes and azimuth angle indexes, respectively.
The interpolation of the measured PADP P(7,¢) can be
implemented via applying the discussed trigonometric inter-
polation to PAS at each delay index. The measured PADPs
discussed below are normlized by the maximum gain of
both the Tx antenna and the Rx antenna, i.e. 25 dBi de-
embedded from the measured patterns. As explained in the
introduction, the measured channel spatial profiles are affected
by the measurement antenna radiation pattern. Some works
have been reported in the literature to de-embed the antenna
pattern from the measured data [9], while in most cases it
is inherently included in the measurement. This is based on
the assumption that the measurement antenna has insignificant
side-lobes and narrow main beam patterns [7], [12]. The focus
of this work is on how to select ASIs, which is another
important aspect for directive scanning measurement, while
the impact of measurement antenna on the measured channel
PAS is not covered.

The measured PADP (with ASI = 0.5°) and interpolated
profiles with ASI = 21° and ASI = 40° are shown in Fig. 7
for the LOS scenario and in Fig. 8 for the OLOS scenario,
respectively. Note that the PADPs with ASI = 21° and ASI
= 40° are subsets of the measured PADP (with ASI = 0.5°).
In the LOS scenario, both the dominant paths and weak paths
can be accurately reconstructed (both power and angle) with
ASI = 21°. This is expected due to the fact that most paths are
within 20 dB dynamic range in the LOS scenario compared to
the LOS path. In the OLOS scenario, the dominant paths can
still be accurately reconstructed, while small deviations exist
for weak paths. This is expected, since some weak paths are
more than 20 dB less in power compared to the LOS path.
As seen in Fig. 6, deviations exist between the reconstructed
antenna pattern and the target one with the 35 dB dynamic
range with ASI = 21°. Reconstruction of both the main beam
and side lobes of the paths becomes inaccurate with AST = 40°
for the LOS and OLOS scenario, as shown in Fig. 7 (below)
and Fig. 8 (below), respectively.

C. Composite PAS

For spatial channel sounding with a narrow-band system,
multipath components might not be seperated in the delay
domain. The channel impulse response (CIR) measured with
a narrow band system is equivelent to the composite CIR
obtained via coherent summation of the wideband CIR over
the delay domain, ie., h(¢) = > _H(r,¢) with h(¢)
and H(r, ¢) representing the composite CIR and wide-band
CIR, respectively. The composite PAS is thereby obtained
by p(¢) = |h(¢)|?>. The composite PAS can be viewed
as summation of the complex weighted (i.e. path complex
gain) and circularly shifted (i.e. path angle) directive antenna
patterns, and therefore its accuracy is ruled by antenna pattern
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Figure 7.  Measured PADP (top) and reconstructed PADP with ASI = 21°
(middle) and ASI = 40° (below) in the LOS scenario.
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Figure 8. Measured PADP (top) and reconstructed PADP with ASI = 21°
(middle) and ASI = 40° (below) in the OLOS scenario.

reconstruction accuracy. The target and reconstructed com-
posite PAS for the LOS scenario are shown in Fig. 9 as an
example. A good agreement can be achieved within 20 dB if
the ASI is set smaller than the antenna HPBW (21°), while a
large deviation exists if ASI is set to 40°.

D. Channel parameters

Once the wideband spatial profile is reconstructed, all the
channel parameters can be calculated and compared with the
target channel parameters. The calculation of the total received
power, delay characteristics (mean delay and delay spread)
and angle characteristics (mean angle and angle spread) is
referred to [20], [21] and not detailed here. The deviations
of channel parameters between the target (i.e. with ASI =
0.5°) and reconstructed spatial channel profiles with various
ASI settings are summarized in Table I. Compared to the
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Figure 9. The target and reconstructed composite PAS for the LOS scenario
with different ASIs.

OLOS scenario, the LOS scenario presents higher wideband
power, smaller mean delay, delay spread and angle spread, as
expected. Good accuracy can be achieved if the ASI is set to
be smaller than 21°, while large deviations are present with
ASI = 40°. This observation is also consistent with previous
findings.

Table I
CHANNEL PARAMETER DEVIATIONS.

ASI [°] Wideband Mean delay Mean Angle
OLOS/LOS| Power delay spread angle spread
[dB] [ns] [ns] [°] [°]
10.5 0.1/0 0/0.2 -0.1/0.3 1.5/1 0/1
21 0.3/0.1 0.2/0.2 0.1/0.3 -9/1.5 0.3/1.4
40 1.7/-5 -2.5/6.1 -1.8/4.2 -37.5/-7.1 1.3/21.7

V. CONCLUSION

The paper proposes to use the trigonometric interpolation
scheme to reconstruct wideband channel spatial profiles. To
determine the ASI, we resort to the Nyquist sampling theorem
and spherical wave mode theory. We demonstrate that if the
HPBW is selected as the ASI, around 95% of total power (i.e.
the majority of the power) is accounted for. Furthermore, the
main beam in the antenna pattern, which is the main factor
in directional scanning measurement, is well approximated.
Therefore, the setting of ASI to the antenna HPBW is a
reasonable approximation in typically directional scanning
measurement, although a smaller ASI would be required if
a good approximation of an antenna pattern within a larger
range (> 20 dB) is needed. The reconstructed PADP, delay
and angle characteristics match well with those of the target
in the measured data when the ASI is set to the antenna
HPBW, although the results are slightly deteriorated due to
cable effects.
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