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Abstract: The 28 GHz band is one of the available bands in Frequency Range 2 (FR2), above 6 GHz,
for fifth generation (5G) communications. The propagation characteristics at this frequency band,
together with the bandwidth requirements of 5G communications, make it suitable for ultra-dense
smart cell networks. In this paper, we investigate the performance of a radio channel in the presence
of moving, scattering sources for a small cell at 28 GHz, located at a bus stop. To do so, measurements
of the channel complex impulse response with a sweep time delay cross-correlation sounder were
made and then used to examine the distribution of multipath components. Besides analyzing the
delay spread caused by the channel, we also evaluate the impact on the Doppler spectrum (DS)
caused by the vehicles passing near the bus stop. We show that delay components are grouped in
clusters exhibiting exponential decay power. We also show that the DS varies with time as vehicles
pass by, so the channel cannot be considered stationary. We propose an empirical DS model, where the
model parameter should change with time to describe the non-stationary nature of the radio channel.
We have also found that the DS with maximum spread is similar for channel contributions in different
delay clusters.

Keywords: 5G; millimeter waves; radio channel; scattering; measurements; non-stationary channel

1. Introduction

The fifth generation (5G) of mobile communication systems is expected to meet a set of requirements
identified by the industry [1–3]:

• 1–10 Gbps connections to end-points in the field;
• 1 ms end-to-end round-trip delay (latency);
• 1000 times increase of bandwidth per unit area;
• 10–100 times increase in the number of connected devices;
• (Perception of) 99.999% availability;
• (Perception of) 100% coverage;
• 90% reduction in network energy usage;
• Up to ten years of battery life for low power, machine-type devices.

The number of requirements to be fulfilled simultaneously will depend on each application and
service. Enhanced mobile broadband (eMBB) services, for example, will take advantage of the high
transmission bandwidths, although they may not require 1 ms latency times.

Due to the spectrum congestion below 6 GHz in Frequency Range 1 (FR1), the high bandwidths
required for high-peed connections can only be found in the microwave and millimeter wave (mmWave)
frequency bands of Frequency Range 2 (FR2) [4]. Among these candidate bands, the 28 GHz frequency
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band is the one considered in our study. In this frequency region, the high free-space propagation losses,
together with the high noise levels associated with large bandwidths, would yield low signal-to-noise
ratios, unless directional antennas are used.

The use of directional steerable antennas at both channel ends has been proposed [5–9] for 5G
systems at mmWave frequencies. This represents an important change in mobile communication
systems, where omnidirectional antennas have traditionally been used, at least at mobile terminals.
As the radio channel characteristics depend on the antenna pattern [10], new measurements are required
to properly determine the channel characteristics for directional antennas. However, smart antennas
are complex and still expensive in terms of cost and energy consumption. Thus, despite the original
premises of 5G mobile communication systems, current 5G rollouts are centered on FR1, while FR2
will eventually support fixed access [11].

In addition to high mmWave attenuation, the requirement to increase the available bandwidth
per unit area has raised the need for ultra-dense small cell networks [12]. These are low-powered
radio access points with coverage areas of around a 100 m radius and an inter-site distance of 200 m.
This allows frequency reuse on an extremely dense basis. Small cells will be a crucial component of 5G
networks because they increase network capacity, density and coverage [13]. The 28 GHz band has
been proposed for these small cells [12].

Radio channel characterization and modeling are of the utmost importance for wireless
communications, as communication systems have to be designed to reach the desired performance
levels under the impairments introduced by the radio channel. Power delay profiles (PDP) and the
Doppler spectrum (DS) are important parameters to estimate both time and frequency dispersion
introduced by a radio channel. Delay dispersion, if not mitigated adequately, may give rise to
inter-symbol interference that may limit the capacity of the channel, while the DS is important for
analyzing the time variance of the radio channel. Despite most studies considering a narrowband
characterization of the DS, since the first works on wideband propagation [14], it has been well known
that the DS may be different for different delay contributions.

The number of papers in the literature reporting fixed-to-fixed (F2F) outdoor radio channel
measurements in the presence of moving scatterers is limited. For instance, in [15], the results of
wideband measurements in a suburban environment at 2480 MHz are presented, but the Doppler
analysis was not made separate for the different delayed components. More frequently, the DS is
obtained from narrowband measurements, as in [16], where measurements in the presence of fast
traffic on a motorway are reported, and in [17], where the moving scatterers are wind-blown leaves.
At higher frequencies, like in [18], we find empirical results at 29.5 GHz.

The literature includes a series of wideband models for 5G radio channels that take delay dispersion
into account. Such models can be classified [19] as deterministic, map-based (like METIS [20,21]) and
stochastic. These can be further classified as geometry-based stochastic models, like COST2100 [22],
WINNER+ [23] and 3GPP [24], or non-geometry-based stochastic models, such as the Saleh-Valenzuela
model [25]. However, this is not a clear-cut division, as some models incorporate both deterministic
and stochastic characteristics, like IEEE 802.11ay [26] and MiWEBA [27]. All of them are wideband
models that provide an estimation of a channel’s PDP.

Regarding the DS, we should mention specific geometrical-based stochastic models (GBSMs),
which were developed for mobile communication channels and assume a particular geometrical
distribution of static scatterers around the propagation environment. The classic Jakes model is one of
these, but more sophisticated models include the one-ring [28], disk [29] and elliptical [30] models.
In the one-ring model, scatterers are uniformly distributed on a thin ring, whereas for the disk model,
they are distributed on a disk, being centered on the mobile station in both cases. For the elliptical
model, scatterers are distributed on an ellipse, and the mobile and base stations are located on its foci.
It should be noted that propagation paths suffering single scattering on the ellipse will have the same
delay. Ring and disk models may be more adequate for narrowband systems, while the ellipse model
would perform better for wideband ones [31].
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The presence of moving scatterers was considered in [32], where a general vehicle-to-vehicle
model was developed, considering random scatterer velocities with Gaussian and mixed Gaussian
distributions. In this paper, it is assumed that waves can propagate from transmitter to receiver after
a single bounce on the moving scatterer. The F2F channel model is obtained by particularizing the
vehicle-to-vehicle model to the case in which the vehicle velocities are equal to zero. The application of
the ring, disk and elliptical models to the case of an F2F radio channel can be found in [33]. The models
are compared with measurement results at 29.5 GHz from [18] and measurement results at 5.8 GHz
from [34].

Models for F2F links with a single moving scatterer can be found in [33], where a model is
also proposed for the case of a non-uniform scattering pattern. The corresponding DS shows good
agreement with measurement results performed with a wideband MIMO sounder in an indoor
environment at 5.8 GHz.

In this paper, we consider the case of a small cell at 28 GHz deployed at a bus stop. We have
measured the channel impulse response in this scenario using a wideband channel sounder.
Despite using fixed antennas, the scenario cannot be considered static. The presence of moving
scatterers, such as vehicles passing by the bus stop, could have a significant impact on channel
behavior [35]. Particularly, moving objects will have an impact on the Doppler spread of the radio
signals. It should be noted that this effect could be strong due to the linear dependency of the Doppler
shift on the carrier frequency [36]. We analyze both the delay and the Doppler spread produced by the
radio channel. Moreover, as the channel may have non-stationary behavior, we analyze the Doppler
spectrum variation as vehicles pass by the bus stop.

There are several novel aspects in the paper. First, we provide wideband results for an F2F outdoor
environment at 28 GHz, including the PDP and DS. Second, we obtain the DS separately for the main
delay contributions. Third, we analyze the temporal variation of the DS, showing that the channel
exhibits non-stationary behavior. Finally, we determine the requirements a model of this radio channel
should comply with.

After this introductory section, the rest of the paper is organized as follows. In Section 2, we describe
the measurement system and measurement environment. In Section 3, we present the measurement
results. Finally, in Section 4, we summarize the conclusions of this work.

2. Experimental Set-Up

2.1. Channel Sounder

The experimental set-up was based on a sweep time delay cross-correlation channel sounder.
This sounder consisted of a signal transmitter and a receiver. At the transmitter, we first generated a
pseudorandom binary sequence of 212

− 1 bits at a 900 Mbps rate, using an 81180A arbitrary waveform
generator from Agilent. Figure 1 shows a capture of its spectrum. Then, we used this sequence to phase
modulate a carrier at 28.65 GHz as follows. The output of the arbitrary generator was introduced as an
input of an SMR40 microwave signal generator from Rohde & Schwarz, obtaining a modulated radio
frequency (RF) signal with the spectrum in Figure 2. An ERZ-HPA-2700-4200-27 power amplifier from
Erzia was used to reach a signal with a +27 dBm level, and it was finally transmitted with a directional
pyramidal horn antenna with a gain of 20 dBi. This results in a high transmitted power for a small cell,
but provides a good dynamic range to be able to analyze in detail small power contributions.
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Figure 2. Measured spectrum of the modulated signal.

We used an omnidirectional antenna at the receiver to capture the RF signal. The signal passed
first through an AMF-3F-26004000-25-13P low-noise amplifier from Miteq, and thereafter it was mixed
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in a Miteq M1826W1 double-balanced mixer with a 28.15 GHz signal from a local oscillator to achieve
an intermediate frequency (IF) of 500 MHz. The 28.15 GHz signal was generated from a 10 MHz
signal we got from a PRS10 Rubidum clock from SRS Inc. that fed a DLCRO-10-14075, and then a
MAX2M200400-20P frequency doubler, both from Miteq. Figure 3 shows a picture of the receiver,
identifying each element. The IF signal was sampled at 5G samples/s using a digitizing oscilloscope,
model DSO-S-104A from Keysight, and stored for further off-line processing. Each signal record lasted
for 0.1058 s and therefore contained 529 M samples.

All signal generators and oscillators at the transmitter and the receiver were locked to the
rubidium frequency standard. This was a very stable clock that guaranteed the measured delays could
not be affected by any frequency variation of any oscillator, so they corresponded to actual wave
propagation delays.
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Figure 3. Receiver.

2.2. Measurement Scenario

Figure 4 shows a full picture of the set-up. We placed the directional transmitting antenna at a
2.5 m height beside the bus stop pole. The transmitting antenna was pointed toward the receiving
one (see Figure 5), positioned on a stool inside the bus stop shelter, at a 0.9 m height. The horizontal
distance between both antennas was 7 m. The most meaningful distances among the different elements
in the measurement setup are included in Figure 6. Several signal records were obtained as different
vehicles, including cars, vans and buses, passed by the bus stop, i.e., in the presence of scattering
sources with different sizes and shapes (see Figure 4, Figure 7 and Figure 11).
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2.3. Data Processing

Off-line processing was carried out to first demodulate the IF signal to baseband and then to
perform the cross-correlation with an exact replica of the transmitted pseudo-random binary sequence.
The result was the time-varying complex impulse response of the radio channel h(t,τ) with a delay
resolution of ∆τ = 1.11 ns (1/900 MHz), which let us resolve a propagation path with a length
difference of 0.33 m. The impulse response was obtained every ∆t = (212

− 1)/900 MHz = 4.55 µs,
which corresponded to a sampling frequency of around 220 KHz. Increasing the sequence length
would result in an improved dynamic range, but would reduce the sampling rate in the time domain.
This fast sampling rate in the time domain allowed analysis of the temporal variations of some channel
characteristic functions, such as the DS.

3. Results

3.1. Delay Spread

The most immediate result from the measurement processing, as explained in the previous
section, was the time-varying complex impulse response of the radio channel. In Figure 8, we plot
the normalized amplitude of this impulse response for the record, corresponding to the van passing
by the bus stop (Figure 7). Contributions of up to 40 dB below the main one have been measured.
In Figure 9, we present the corresponding PDP, resulting from averaging the squared amplitude of the
impulse responses.
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Several contributions with different delays and time-varying amplitudes grouped in clusters were
appreciated. The different clusters were generated by propagation paths with very different lengths,
while the components within a cluster were due to scattering objects surrounding the receiver or the
transmitter. The power of the clusters varied with time. This may be not so clear for the zero-delay
contribution, as there was a strong, direct component that dominated the propagation, but it could
be seen for contributions with higher delays. This may suggest the channel is not stationary, as will
become more evident after analyzing the DS.

According to the measurement geometry, the contributions from the direct path and the path with
a single reflection on the vehicle are included in the first cluster. A cluster with larger delays should
be due to contributions with multiple reflections on the vehicle and other fixed scatterers present in
the environment.

The power of the clusters was reduced as the delay increased. The main contribution of each
cluster decayed with the delay at a rate that was equal to or larger than the corresponding free-space
losses for the equivalent distance. This is shown in Figure 9, where we have also plotted, in a thick,
dashed red line, the free-space power decay with distance and delay.

Within each cluster, the power relative to the main contribution in the cluster also decreased with
the excess delay, but at a larger rate than that corresponding to the free space. This behavior is widely
described in the literature and has even been incorporated into different channel models, like the
Saleh-Valenzuela model [25], the Winner+ model [23] and the ETSI-3GPP model [24].

However, we have found that a linear fit better approximates the power decay (in dB) of the main
contribution in each cluster with distance, as seen in the upper graph of Figure 10. The regression line
has a negative slope of −0.0379. Other captured records yield similar PDPs. For instance, the bottom
graph in Figure 10 represents the PDP corresponding to the case of a car passing by the bus stop,
as seen in Figure 11. Here, we can also identify the five clusters with decreasing power. The slope of
the fitted line is −0.0343.
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This agrees with the results presented in [37], where the empirical PDP obtained in urban
environments at 1.8 GHz is modelled by a one-sided exponential decaying function:

PDP(τ) ∝

 exp
(
−

τ
σD

)
, f or τ > 0

0, otherwise
, (1)

This corresponds to a linear decay in logarithmic units.
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3.2. Doppler Spectrum

To analyze the time-varying characteristics of the radio channel, we have calculated the Doppler
spectrum corresponding to the time variation of the strongest components present in the complex
impulse response. First, we identified the delay, τi, of the main contributions in the PDPs. Then,
we took each of the 0.1058 s time records of the time-varying impulse response corresponding to
those delays with h(t, τi). We divided each record into 11 sections of 2048 samples, lasting 9.33 ms
each, and calculated the correlation function, and the associated Doppler spectrum, for each section.
In Figure 12, we plot the results for the eleven sections of the main component, the one with a relative
delay of τi = 0 ns, coming from the same record of a car.

As can be seen, the DS shapes resemble those in the literature for F2F links in the presence of
moving scatterers. However, the Doppler spectra change with time. When the car is far away from the
sounder (solid thick blue line), the DS is quite narrow. This is clearly due to the filtering effect of the
directive antenna pattern already described in [36,38]. However, as the car approaches the sounder,
the Doppler spectrum is broadened, reaching a maximum broadening as shown in the dashed, thick
red line. As there are significant DS changes with time, the channel cannot be considered stationary.
This is reasonable because the incidence and observation angles change as the vehicle moves, and this
will change the measured field scattered by the vehicle. A non-stationary model approximation would
be needed. Any model would require a spread factor that varies with time as the vehicle moves.

Electronics 2020, 9, x FOR PEER REVIEW 12 of 16 

 

 
Figure 12. Time-varying Doppler spectrum for the main component (τi = 0 ns). Each drawn line 
corresponds to a different time interval. 

In the literature, there are several DS models of F2F links in presence of moving scatterers. 
Closed-form expressions are given in [32] for an environment where the transmitter and receiver are 
in a fixed position and surrounded by a large number of moving scatterers. The emitted wave is 
supposed to reach the receiver after a single bounce on the moving scatterer. Isotropic scattering is 
also assumed. Under these hypotheses, it is shown that for a constant velocity, ݒ, of the scatterers, 
the DS will be 

(݂)ܵܦ = ଶߨଶߪ ௗ݂ ቌඨ1 ܭ  − ൬ ݂2 ௗ݂൰ଶቍ (2) 

where ߪଶ is the average received power, ௗ݂ is the maximum Doppler frequency, being ௗ݂ =  ߣ ,ߣ/ݒ
is the wavelength and K denotes the complete elliptic integral of the first kind. However, if ݒ is a 
random variable with exponential distribution and mean value ݒ௠, then 

(݂)ܵܦ = ଶߨଶߪ ௠݂ ଴ܭ   ቆ |݂|2 ௠݂ቇ (3) 

where ௠݂ =  .଴ represents the zeroth-order modified Bessel function of the second kindܭ and ߣ/௠ݒ
The case of an F2F link with a single moving scatterer is presented in [34]. If the scatterer has a 

constant scattering cross-section and is moving in one direction, then ܵܦ(݂) = 2ඨ1 − ൬cos(ߚ) + ݂ ௗ݂൰ଶ 
(4) 

where ߚ is related to the direction of movement. If, however, it is moving in many directions, then 

Figure 12. Time-varying Doppler spectrum for the main component (τi = 0 ns). Each drawn line
corresponds to a different time interval.

In the literature, there are several DS models of F2F links in presence of moving scatterers.
Closed-form expressions are given in [32] for an environment where the transmitter and receiver are in
a fixed position and surrounded by a large number of moving scatterers. The emitted wave is supposed
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to reach the receiver after a single bounce on the moving scatterer. Isotropic scattering is also assumed.
Under these hypotheses, it is shown that for a constant velocity, v, of the scatterers, the DS will be

DS( f ) =
σ2

π2 fd
K


√

1−
(

f
2 fd

)2
 (2)

where σ2 is the average received power, fd is the maximum Doppler frequency, being fd = v/λ, λ is
the wavelength and K denotes the complete elliptic integral of the first kind. However, if v is a random
variable with exponential distribution and mean value vm, then

DS( f ) =
σ2

π2 fm
K0


∣∣∣ f ∣∣∣

2 fm

 (3)

where fm = vm/λ and K0 represents the zeroth-order modified Bessel function of the second kind.
The case of an F2F link with a single moving scatterer is presented in [34]. If the scatterer has a

constant scattering cross-section and is moving in one direction, then

DS( f ) =
2√

1−
(
cos(β) + f

fd

)2
(4)

where β is related to the direction of movement. If, however, it is moving in many directions, then

DS( f ) =
1
π2 K


√

1−
(

f
2 fd

)2
 (5)

which differs from (2) in just an amplitude scaling factor. Finally, for non-uniform scattering patterns,
an empirical model is proposed which, according to [33], will result in

DS( f ) =
1

1 + s f 2 (6)

where s = 1/
(√

2 fm
)
.

Despite all these models resulting in a peaky DS, none of them fit our measurements. This is not
surprising, as our case of study does not comply with all the hypotheses under which these closed
forms were obtained. However, we have defined an empirical DS model of the form

DS( f ) =
1√

1 + s f 2
(7)

which fits the measured results if the appropriate vm is chosen. For instance, (7) fits the DS in the red
dashed line in Figure 12 for vm = 15 km/h. This is shown in Figure 13, where we again plotted the red
dashed line from Figure 12 and the one obtained from (7) in black dots. The model given by (7) can be
fitted to the other curves in Figure 12 just by reducing the Doppler spread, i.e., by reducing vm.

The time variation of the DS is also present in components corresponding to larger delays, showing
a similar time-varying behavior as the main component. In Figure 13, we have plotted the Doppler
spectra with maximum frequency spreads for the three main delay contributions of the same car
measurements. As can be seen, the DSs with the maximum spread for each delay are very similar.
This is not strange, as the DS is produced by wave scattering when the transmitted signal impinges on
the moving vehicle. Further scattering on fixed objects, which gives rise to delayed clusters, should not
modify the signal Doppler spread.
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A complete scattering model for this channel should account for clustering of the contributions
with different delays, as well as the Doppler spread for each delay component. The Doppler spread
model for each component could be the same and even have the same parameter values, but should
account for the non-stationary nature of the channel by varying the vm value in (7).
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4. Conclusions

We have built and used a wideband radio channel sounder to characterize the radio channel for a
small cell at 28 GHz. This is a very fast sounder, capable of performing the measurement of the channel
impulse response every 4.55 µs.

The small cell was deployed at a bus stop, and the impulse response was measured as different
vehicles passed by. We have characterized the radio channel by determining its characteristic functions.
We have shown that the multipath contributions group into clusters that present decreasing power
with the delay. The power decay from the main components in the clusters follows a linear trend.
Looking at the contributions within each cluster, decreasing power with the delay is also found.

Despite the DS being confined by the directional antenna used at the transmitter, we have shown
that its spectrum varies with time as vehicles pass by the bus stop, reaching Doppler shifts that range
from almost 0 Hz to a few kHz. The channel cannot be considered stationary, as the vehicle passed the
bus stop. We conclude that a non-stationary DS model is needed, and that it should account for the
Doppler spread variation with time by using a time-dependent spread factor value.

We have shown the requirements that a complete scattering model, accounting for both the
delay and Doppler spreads, should meet for this radio channel. The delay spread should reflect the
contribution clustering. The Doppler spread model for each delayed component could be the same
and even have the same parameter values, but should account for the non-stationary nature of the
channel. We propose an empirical model for the DS, where the non-stationary behavior of the channel
can be reflected by varying the model parameter over time.
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