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Abstract: With the arrival of 5G wireless communication systems, there has been increased interest
in exploring higher frequency bands above 6 GHz, up to millimeter-wave frequencies. Radio wave
propagation at these higher frequencies can suffer from substantial Doppler impairments. The linear
dependency of Doppler shifts with carrier frequencies make them challenging to use in high-mobility
5G cellular scenarios. Therefore, the Doppler power spectrum (DPS) characteristics and radio channel
coherence time (CT) of the received signals are of great importance for 5G wireless systems. In this
way, this paper presents the effects of a narrow beam phased antenna array in reducing the DPS
(due to user movement) and, simultaneously, increasing the coherence time (CT). Functional and
complete descriptive assessments of beamwidths versus the DPS and CT, through different elements
and geometries of the phased antenna array, are analyzed. Moreover, in terms of CT and the DPS,
better performance on the 5G cellular scenarios was obtained.

Keywords: narrow beamwidth; Doppler power spectrum; coherence time; phased antenna array;
5G wireless communication; radio wave propagation

1. Introduction

Radio 5G technology promises dramatic network speed improvements and super-
fast connection times, defining new physical layer technologies based on beamforming,
massive MIMO, and mmWave transmissions [1]. The use of millimeter-wave (mmWave)
frequency for 5G communication systems is usually presented by the research community,
but mmWave does have its challenges [2–5].

The 5G technology specifies new frequency bands below 6 GHz and extends into
millimeter-wave (mmWave) frequencies where more contiguous bandwidth is available
for sending a lot of data. While users will appreciate the increased bandwidth, it intro-
duces challenges, e.g., link quality requirements at mmWave frequencies. Often, these
impairments are not an issue at sub-6 GHz, but become more problematic at mmWave
frequencies [6–8]. Common signal impairments impact baseband and RF designs with
wider channel bandwidths expected at mmWave frequencies [9–11]. These impairments
become more problematic at higher frequencies or with wider bandwidths. According to
IMT 2020 specifications, below 1 GHz, there are multiple bands of interest in 600, 700, and
800 MHz to support the internet of things and other mobile services. On the other hand,
bands between 1 and 6 GHz aim to increase coverage and capacity. Above 6 GHz will
primarily support the need for ultra-high broadband use cases [12–14].

In wireless mobile communication, two fundamental parameters determine its op-
eration: Doppler spread—or time-varying nature of the radio channel—which causes
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frequency dispersion, and multipath, which causes time dispersion and, therefore, its
relationship to coherence time [15]. Doppler spread is more convenient to express in terms
of power spectral density (PSD) in the Doppler spectrum (DS), resulting in the Doppler
power spectrum (DPS), which characterizes this spectrum broadening caused by the time-
varying nature of the wireless channel. In particular, 5G wireless mobile communications
require reducing the DS due to user movement and increasing the coherence time (CT)
simultaneously to achieve a better system performance when a 5G high-mobility user
environment is required.

In the technical literature, different models describe the Doppler power spectrum
(DPS), the most consulted and cited are the Clarke model [16], the Jakes model [17], the
Gans Model [18], and the IEEE P802.11 model [19]; they all define the DPS, depending
on the carrier frequency and the speed of the mobile user. To assess the influence of high
gain antenna arrays over DPS models, in [20], the authors describe radio propagation’s
statistical properties between a mobile terminal and a base station as a function of time,
space, and frequency. In particular, a mathematical model that relates the DPS to the
antenna gain when the main beam is focused along the perpendicular plane of the mobile
terminal was conducted.

Theoretical results in [20] conclude that, for all mobile station movement directions,
the DPS is reduced when the width of the radiation beam from the base station to the
mobile user is narrower or more directive. Nevertheless, the numerical analysis and
results focus on highly narrow beamwidth values rarely found in small cells of wireless
communications.

On the other hand, a set of experimental measurements regarding the CT, in rural and
road environments at a carrier frequency of 5.9 GHz, were presented in [21], demonstrating
that the CT decreases, as a reverse relationship, according to the distance between the
transmitter and receiver increases. Moreover, they determined that the Doppler power
spread increases with the mobile equipment speed linearly and proportionally. Addition-
ally, in [22], the coherence time (CT) was evaluated for the main antenna beamwidth under
a wireless channel at 60 GHz in a millimeter frequency band.

In [22], the numerical analysis and results are focused on determining the effects of
the main antenna beamwidth over the CT, considering different pointing angles between
the scatter ring and the mobile terminal. However, there is no evidence of any procedure
that optimizes the antenna beamwidth under CT propagation metric constraints.

Based on the above, and motivated by the results exposed in the cited works, we
propose to lay down a numerical setup that allows obtaining the effects of the narrow
beam phased antenna arrays over the CT and DPS propagation metrics, considering a 5G
wireless channel that operates in the millimeter frequency band. The main contribution of
our paper, and the significant difference concerning previous work (including the work
published in [12]), is a comparative evaluation of different antenna array geometries with
a different number of antenna elements to generate these metrics in 5G. This knowledge
could be considered to establish an antenna array geometry with better performance on 5G
cellular scenarios.

The remainder of this paper is organized as follows. Section 2 describes the different
mathematical models published in the literature to compute DPS and CT metrics. Section 3
evaluates the dependence of geometric placement of antenna array elements regarding
radio link improvements. We expose the relevant results and discuss the DPS and CT per-
formance, considering circular antenna array geometries. Finally, we present the respective
conclusions of the paper in Section 4.

2. Doppler Power Spectrum (DPS) and Coherence Time (CT) as Radio Channel Metrics

In this section, several mathematical approaches, regarding the radio channel metrics,
Doppler power spectrum (DPS), and coherence time (CT), are summarized.
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2.1. Doppler Power Spectrum

In order to obtain an appropriate Doppler power spectrum (DPS) model to assess the
effects of mmWave over 5G radio channels, we analyze the mathematical approaches of
Clarke, Jakes, Gans, and IEEE, defined in [1,3], respectively; under mmWave frequency
range.

Based on the above, and considering the frequency shift (Doppler Shift) caused by the
user mobility, which depends on the signal angle of arrival α; the receive signal frequency
Fr(α) and Doppler frequency fD(α), are defined as follow:

Fr(α) = fc + fD(α) (1)

fD(α) =
fcv
c

cos α (2)

where the carrier signal frequency fc, in [GHz], is shifted by the effects of Doppler frequency
fD(α), in which the parametric values of the light speed c and the receiver speed v, both in
[m/sec], are considered. Additionally, the extreme values of fD(α), define the frequency
interval of interest as, − fD < f < fD, as was suggested in [16,18].

From the antenna radiation pattern perspective, only the proposals of the Clarke and
Gans mathematical approaches has the following assumptions: with the Clarke proposal,
in [16], an omnidirectional antenna radiation pattern (monopole antenna) is supposed,
and the receive signal angle of the arrival has a uniform distribution in a range of [−π, π],
where the azimuthal gain is constant. Meanwhile, Gans, in [18], defines the DPS as:

S( f ) =
G0

fm

√
1−

(
f

fm

)2
, (3)

where fm is the maximum Doppler frequency, defined as fm = fcv
c , G0 is the receiver

antenna gain with a directive beam. The receiver antenna gain is taken when the following
condition is accomplished:

G(α− ξ) =

{
G0, if |α− ξ| < β/2
0, otherwise

(4)

where the difference between the arriving signal angle (α) and the direction of the antenna
beam (ξ) is limited by half of the beamwidth of the receiver antenna β.

2.2. Coherence Time Models

The shift Doppler represents a temporal change of Doppler spread due to receiver
spatial displacement. Additionally, temporal variations on the Doppler spread are also
related to the radio channel coherence time (CT).

In order to describe this behavior, the mathematical models proposed by IEEE P802.11,
in [19,23], V. Va, in [22], and Rappaport, in [24–27], are the most relevant. However, the V.
Va model is the only one that considers the effects of the antenna radiation beam pattern
over CT metrics. In this way, this apart describes (and analyzes) only this CT model.

In particular, the V. Va model establishes the CT expression from the correlation
function of the channel and the user spatial displacement, when the user is located in a
scattering ring, concerning a base station.

The CT metric can be described from the pointing angle µr and the antenna beamwidth
θ in the receiver. Depending on the value of the pointing angle, two different cases can be
analyzed, as proposed in [22].
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Case 1: when the angle µr is small,

Tc(θ) =

√√√√√ 1
R4 − 1

(2π fD)2θ4 + 1
2θ2R4

(
fD sin µr

Dr,λ

)2 (5)

where R is the correlation coefficient, it is found when the correlation function of the
channel depends on the coherence time (|Rh(Tc)| = R), Dr,λ denotes the scattering radius
normalized by the carrier wavelength, and θ is the beamwidth in the receiver.

Case 2: when the angle µr is not small,

Tc(θ) =

√√√√ 1− (1 + θ2 log R)2

1
4 (1 + θ2 log R)

(
fD sin µr

Dr,λ

)2
+ (2π fD)2θ4

(6)

The difference between expressions (5) and (6) is due to the behavior of the CT when
µr is small, since, in this case, the sensibility of the approximation is higher than when µr is
not small. These variations can be seen as the state change in the receiver movement in
very small-time lapses.

3. Dependence of Geometric Placement of Antenna Array Elements in Regards to
Radio Link Improvements

In this section, we analyze the geometric placement of the antenna array elements. In
particular, we identify the beamwidth and steerable of the main beam capacities, which are
fundamental antenna features to improve the DPS and CT metrics; the planar and circular
geometries are analyzed, as well as the special case of concentric rings.

3.1. Geometric Assessment of Phased Antenna Arrays

We propose two antenna arrays with lengths of 3.5λ and 7.5λ. The number of elements
required for each antenna array, according to its geometry, are follows: (1) planar (PA)
of the 8x8 and 16x16 elements, respectively; (2) circular (CA) of 21 and 47 elements; and
(3) 42 circular concentric rings (CR) (with three rings) and 196 (with seven rings) elements.
The design and model of each array geometry were carried out by computing the array
factor; PA [28–32], CA [28–31,33], CR [34–38].

The numerical simulations of the antenna arrays were performed by the product of the
array factor and the radiation pattern data of the antenna element. A patch was used as the
antenna element and characterized in every interest frequency. The radiation performance
is improved by using the antenna element. The results obtained by numerical results are
similar to full-wave simulations. Figure 1 shows a comparison of the numerical simulation
of the array factor and the radiation pattern (including the circular patch antenna).

-90 -60 -30 0 30 60 90
Theta ( ) [degrees]

-60

-50

-40

-30

-20

-10

0

d
B

Array Factor Radiation Pattern (patch included)

Figure 1. Comparison between the numerical simulations of the array factor and radiation pattern
(including a patch antenna) of the CA of 21 elements at θ = 0◦.
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The circular patch uses substrate laminates FR-4 (for 700 MHz and 3.5 GHz) and
RT/duroid 5880 (for 26 and 48 GHz) with a dielectric constant (εr) of 4.2 and 2.2, respec-
tively. The FR-4 laminate considers a thickness of 1.6 mm, while the RT/duroid 5880
a laminate of 0.787 mm. The radiation efficiency of the circular patch is 65% in every
frequency. An example of the radiation pattern of the circular patch antenna is shown in
Figure 2.

Figure 2. Radiation pattern of the circular patch antenna; (a) radiation pattern data for numerical
simulations, and (b) 3D radiation pattern from the CST MicroWave Studio Suite.

On the other hand, we defined an interelement spacing of 0.5λ with the aim of
avoiding the mutual coupling between elements, and obtaining the least deformations
in the radiation pattern, a main radiation beam direction at θ0 = 0◦, with the samples of
scanning angle θ in a range of −90 to 90 degrees. The numerical outcomes regarding the
antenna beamwidth and gain for the different geometries under the proposed antenna
setup are summarized in Table 1.

Table 1. Numeric results of the antenna arrays simulated at θ0 = 0◦.

Array BW (Degrees) Gain (dB)

Planar 8 × 8 28.98 15.86

Planar 16 × 16 14.4 21.94

Circular
21 elements 25.37 17.015

Circular
47 elements 11.87 23.61

Concentric rings
42 elements (3 rings) 32.4 14.4

Concentric rings
196 elements (7 rings) 16.92 20.53

The obtained results illustrate that increasing the number of elements can achieve
higher directivity (Gain) values and smaller beamwidth. Additionally, the circular antenna
array has the best performance, with a narrower beamwidth and higher directivity com-
pared to the other geometries. Although each geometry has its pros and cons, another
required feature associated with the antenna arrays is the scanning capacity, a vital param-
eter to perform beamforming links and directional tracking of the mobile user in the radio
mobile. Figures 3 and 4 show a comparison of the beamwidth and gain levels at different
scanning directions of the planar, circular, and concentric ring antenna arrays.

From Figure 3, we can see that the planar geometry is the more significant array with
the higher area, higher number of antenna elements, and narrow beamwidths (12.25 λ2
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for 8 × 8 array and 56.25 λ2 for 16 × 16 array), but its performance is not appropriate for
large scanning directions. As shown in Figure 4, the scanning capacity of the planar array
geometry is ±50◦ and ±60◦ in the 8 × 8 and 16 × 16 array, respectively. In this range the
directivity levels are more stable and have narrower beams. It can be seen that the gain
levels remain from 10 to 15 dB for 8 × 8 array, and from 13 to 22 dB for 16 × 16 array in the
scannable range, due to the large number of antenna elements used in this array.
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PA 8x8 CA-21 elements CR-42 elements

PA 16x16 CA-47 elements CR-196 elements

Figure 3. Comparison of the beamwidth at different scanning directions of the planar (PA), circular
(CA), and concentric ring (CR) antenna array.
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Figure 4. Comparison of the gain levels at different scanning directions of the planar (PA), circular
(CA), and concentric ring (CR) antenna array.

Circular array geometry, despite it having a smaller area and less antenna elements
(9.62 λ2 for 21-element-array and 44.18 λ2 for the 47 element-array), illustrates a better
performance than the planar array, due to an increase of ±55◦ of scanning with narrow
beamwidths for the 21 element-array; and ±66◦ of scanning for the 47 element-array.
Although the gain levels are higher than the results of the planar array, these levels remain
stable in the same scanning directions, remaining from 10 to 17 dB and from 13 to 23 dB in
the 21 element-array and the 47 element-array, respectively. Considering these numerical
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results, circular antenna arrays provide better performance and compromise between
beamwidth and steering features.

This way, the circular antenna array is selected to analyze its effect in the TC and DPS,
considering its beamwidth and gain at different frequencies. To achieve better and more
accurate results in the following analysis, the full-wave simulations of the circular antenna
array were implemented.

To obtain the beamwidth and gain of the circular array were necessary to simulate
every frequency using a circular patch. The substrate laminates were FR-4 (εr = 4.2) and
RT/duroid 5880 (εr = 2.2) with a thickness of 1.6 and 0.787 mm, respectively. Moreover, the
radii of the different antennas used for the simulations were 59 mm (700 MHz), 11.43 mm
(3.5 GHz), 2.48 mm (26 mm), and 1.46 mm (48 GHz). Additionally, SMA and 2.4 mm
connector models were included in the simulation process. Figure 5 shows the CA-21 (a)
at 3.5 GHz and CA-47 (b) at 26 GHz simulated in the CST MicroWave Studio Suite. The
3D radiation pattern yielded in both antenna arrays from Figure 5 are shown in Figure 6.
Due to the geometry symmetry of the antenna array design, the beamwidth and gain were
similar in every simulated case (CA-21 and CA-47). Both results are listed in Table 2.

3.2. Effects of Circular Antenna Arrays over Doppler Power Spectrum and Coherence Time Metrics

In order to determinate the effects of circular antenna arrays over the Doppler power
spectrum, defined by Gans, and the coherence time model proposed by V. Va, we used the
simulation parameters described in Table 2. In addition to the simulation parameters, with
the purpose of calculating the maximum Doppler frequency, a mobile user speed used in
urban environments was also considered.

Figure 5. Circular antenna array models (a) CA-21 and (b) CA-47 in CST MicroWave Studio Suite.
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Figure 6. 3D radiation pattern yielded by (a) CA-21 at 3.5 GHz and (b) CA-47 at 26 GHz in CST
MicroWave Studio Suite.

Table 2. Simulation parameters considered.

Variable or Parameter Value

fc: Carrier
frequencies 700 MHz, 3.5 GHz, 26 GHz, 48 GHz

Dr,λ: Normalized
radius 700 λ, 560 λ, 520 λ, 480 λ

v: Users velocity 30 km/h

R: Correlation
coefficient 0.5

µr: Pointing
angle (small) 1◦

µr: Pointing
angle (not small) 90◦

Circular array 21 elements 47 elements

G0: Array gain 16.5 dB 24.1 dB

θ: Beamwidth 24.7◦ 11.11◦

The simulation results, in regard to the Doppler power spectrum, can be observed in
Figure 7, where the frequency of the carrier signal increases and the spectrum becomes
broader and more extensive due to the effect of the Doppler shift. Power levels are also
dependent on the Doppler frequency; in this sense, a higher frequency tends to have
lower power levels. This effect can be counteracted by increasing the antenna gain; thus,
improving the possibility of receiving the carrier signal with minimal effect from the
Doppler effect.

The use of an antenna array is beneficial; there were improvements of up to 10 dB the
power level of the carrier signal, with respect to the DPS of the Clarke model. The values
of DPS for each 5G frequency band analyzed, at f / f d = 0, are summarized in Table 3.

Table 3. Power levels found in the central frequency of each simulated DPS in Figure 7.

Model Gans (CA-21) Gans (CA-47) Clarke

700 MHz −4.97 dB −3.32 dB −16.1 dB
3.5 GHz −12 dB −10.31 dB −23.1 dB
26 GHz −20.67 dB −19.02 dB −31.8 dB
48 GHz −23.33 dB −21.7 dB −34.5 dB

We can observe that, in Table 3, all carrier frequencies analyzed showed an increase in
the power levels as the Doppler frequency increases; thus, demonstrating the mitigation of
the Doppler effect and obtaining high power levels at the central frequency. With these
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results, we can verify the improvement of the behavior of the Doppler power spectrum,
using a receiver or transmitter with high antenna gains, regardless of the analyzed carrier
frequency.

Figure 7. Simulation and comparison of the DPS by Gans model at different carrier frequencies,
including the gain of the CA-21 and CA-47.

For the simulation of the coherence time, the following suitable parameters were
considered: a circular geometry and the variation in the number of elements of the phased
array of antennas. For the antenna array of 21 elements (CA-21), a beamwidth of θ = 24.7◦

was attained; for the antenna array of 47 elements (CA-47), a beamwidth of θ = 11.11◦ was
obtained. Four carrier frequencies were considered—two less than, and two higher than
6 GHz.

With the idea of establishing a comparison of the coherence time values obtained in
our simulation of the modified Va Model (VaMod), we show the behavior of the IEEE
model for 5G, reported in [19,23], which cannot generate directive beams. Figure 8 shows
the behavior of the coherence time, taking into account the previous parameters.

From Figure 8, it is possible to distinguish, in both cases, LOS and NLOS conditions,
very high coherence time values of the order of several seconds in the window of 0 to 30◦

beamwidth. However, it is not recommended to generate this beamwidth since it would
imply greater complexity in the structure of the circular phased antenna array. Besides,
very convenient coherence time values were obtained, ranging from the order of almost
one second to hundreds of milliseconds; that is, values that far exceed the coherence time
reported by the IEEE model, and by other models.
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The numerical values of the coherence times are shown in Table 4, which shows the
coherence time values of the IEEE model, corresponding to the four carrier frequencies
considered.

(a) µr = 1◦

(b) µr = 90◦
Figure 8. Simulations and comparison of the coherence time at different carrier frequencies, using
the VaMod and IEEE model. Taking into account the two pointing angles cases: (a) when it is small,
and (b) when it is not small. The CT of the CA of the 21 and 47 elements is shown.

From Table 4, we can conclude the following aspects: the smaller the beam width
generated by the antenna array, the greater the coherence time. The higher the carrier
frequency, the shorter the coherence time. The coherence time from a beamwidth and a
carrier frequency remain constant in the user’s mobility condition within the interfering
ring. The variation in one or even two orders of magnitude in the coherence time in
the cases of µr = 1◦, and µr = 90◦, is because, in this last condition, the radio signal
experiences multipaths, increasing with it the RMS delay spread at the receiver, and as a
result, a considerable decrease in coherence time. Even in the most unfavorable condition



Appl. Sci. 2021, 11, 10081 11 of 13

of the orthogonal movement of the mobile concerning the source, the coherence time values
are higher than those obtained by the IEEE model.

Table 4. Coherence time values of VaMod (using CA-21 and CA-47) and IEEE simulated in Figure 8
at different carrier frequencies.

Frequency Array
Models

VaMod
(µr = 1◦)

VaMod
(µr = 90◦) IEEE

700 MHz CA-21 170.3 ms 14.51 ms 12.27 ms
CA-47 843.31 ms 32.66 ms

3.5 GHz CA-21 34.06 ms 3 ms 2.48 ms
CA-47 168.66 ms 6.53 ms

26 GHz CA-21 4.6 ms 0.4 ms 0.33 ms
CA-47 22.7 ms 0.88 ms

48 GHz CA-21 2.5 ms 0.21 ms 0.18 ms
CA-47 12.3 ms 0.47 ms

Finally, in Table 5, we make a comparison of our work and results with other similar
and cited studies. This comparison is realized in terms of important contributions in relation
to a typical wireless communications environment. Thus, the principal contributions of
this work can be shown.

Table 5. Comparison between this work and cited works.

Frequencies
Examined

Parameter
Studied

Tx / Rx Source
Specifications

Comparison of
Different Sources

This work 0.7, 3.5,
26. 48 GHz DPS and TC Circular antenna array

(full-wave simulated)

Planar, circular
and concentric

rings array

[20] Not specified DPS Directional antenna Heigth of the
base station

[21] 5.9 GHz DS and TC Not specified Not specified

[22] 60 GHz TC Not specified No

4. Conclusions

In this paper, we evaluated the effects of narrow beam phased antenna arrays over
the radio channel metrics, Doppler power spectrum, and coherence time, in a context
of 5G operation frequency bands. A proper mathematical model was selected for both
metrics, and the best geometric placement of antenna array elements was determined.
The results show that the circular antenna arrays provide improvement over both metrics,
by considering the geometric placement of antenna elements on radio link metrics. The
numerical simulation and results should be essential for an adequate determination of
antenna array systems immersed in a context of millimeter-wave (mmWave) frequencies
and the spatial radio resource allocation.
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