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ABSTRACT In this paper, the dynamic channel characteristics at 23.5 GHz in an indoor scenario are
investigated according to measurement and deterministic simulation. In order to obtain accurate channel
realizations, the ray tracing (RT) software is calibrated on both the power delay profile and the path levels.
For the measurement data, the propagation paths are identified using the non-parametric peak detection
algorithm. The cluster-alike behaviors of these paths and the influence of the antenna radiation pattern are
also studied through the comparison with the RT simulated paths. Subsequently, the evolutionary traces of
channel with regard to the user equipment’s movement are identified by associating the samples, which
have the similar parameters at adjacent locations. The features of these traces are analyzed in both statistical
and individual ways. Results show that the life durations of most traces are within 5 m. The line of sight
and reflected paths with significant power survive longer than the others. These observations confirm the
feasibility of designing adaptive beam tracking algorithms based on the spatial consistency of the dominant
propagation paths. Moreover, high correlations among the variations of different parameters in the same
trace are revealed.

INDEX TERMS 23.5 GHz, dynamic channel modeling, life duration of trace, spatial consistency, beam
tracking.

I. INTRODUCTION
With the initialization of the fifth generation mobile com-
munication system (5G), several techniques, i.e., massive
multiple-input and multiple-output (MIMO), beamforming
and millimeter wave communications are considered as
the promising candidates to achieve the 1000× capacity
growth comparing with the LTE-Advanced system [1]–[5].
For designing the mobile communication systems and evalu-
ating their performance, it has became pivotal to establish the
accurate channel models.

Recently the channel measurement campaigns, which
were conducted by adopting the channel sounding system
equipped with high-directivity antennas, became popular for
channel studying at high frequencies. Many results based on
these kinds of measurements have been published, as shown
in [2] and [6]–[8]. However, since the narrow-beam anten-
nas need to be rotated over all the azimuth-elevation pairs
to capture the complete channel spatial characteristics, the
time consumption of the measurement drastically increases.

Sufficiently accurate channel samples are difficult to be
collected for studying the variations of channel with regard
to the change of time or UE’s location. Consequently,
these literatures mainly focus on investigating the static
channel properties, such as the large-scale and cluster-level
parameters. Since the channel evolutionary properties,
i.e., the spatial consistency and time-variation, are not
involved, these results are not sufficient to evaluate the per-
formance of some new 5G techniques, i.e., massive-MIMO
and beam tracking [9].

Current researches show that the propagation channel at
high frequencies can be accurately reproduced by involv-
ing the combination of several paths originating from LoS,
specular reflection, diffraction or background scattering
due to the much severe propagation and penetration
loss [10]–[12]. It has been found that the ray-based deter-
ministic modeling approaches with low complexity are suit-
able for studying the high-frequency channels since they
are flexible to be implemented in various cases under
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FIGURE 1. The panorama of the indoor measurement environment.

different configurations. Besides, the channel evolutionary
behaviors over time and spatial domains can be easily and
accurately represented in the deterministic way. In this paper,
for well-describing the dynamic properties of channel,1 the
propagation channel is investigated by conducting exten-
sive measurements with the pre-configured UE’s trajectory.
Meanwhile, the RT simulations with the same configurations
are also adopted to assist the channel analysis.

The rest of the paper is organized as follows. In Section II,
the data acquisitions based on measurement and ray-tracing
are introduced briefly. Section III elaborates the data post-
processing procedures and the comparison between the
measurement and simulation results. The individual analy-
sis of identified traces and the statistical modeling of the
dynamic channel features are presented in section IV. Finally,
conclusive remarks are given in Section V.

II. DATA ACQUISITION
A. MEASUREMENT CAMPAIGN
The panorama of the environment is depicted in figure 1,
which is a typical indoor conference scenario with the geo-
metric size equaling to 12 × 9 × 3 m3. The transmit-
ter (Tx) was highly fixed at a corner of room to emulate an
access point (AP) during the whole measurement. Totally
30 Rxs within the UE’s movement trajectory shown
in figure 2, were investigated. For each Rx, the channel
frequency responses have been recorded by the VNA-based
automatic channel sounding system [13]. An Agilent
signal generator E8257D and an Agilent VNA N5245A
in frequency-sweep mode were adopted at Tx and Rx,
respectively. Both of themwere synchronized by the common
reference source. The measurement procedures and data stor-
age were controlled by a laptop. Two vertical-polarized horn
antennas were mounted on the customer-made rotary tables
at both Tx and Rx. The spatial characteristics of propagation
channel were captured by rotating the Tx and Rx anten-
nas in both azimuth and elevation domains successively.
The measurement configurations are listed in Table 1
and more details about the measurement can be found
in [13] and [14].

1The dynamic properties of channel refer to the channel evolutionary
behaviour over the time and location, i.e., spatial consistency, non-stationary
and correlation between different UEs.

FIGURE 2. The movement trajectory of UE.

TABLE 1. The configurations of measurement.

B. RAY-TRACING SIMULATION
A self-developed full 3D ray-tracing (RT) software was
implemented in this research. Three main steps are intro-
duced to generate the channel realizations in the specified
scenario, i.e., constructing the detailed 3D digital map,
calculating the geometric parameters for each propagation
path and implementing the electromagnetic calculations
according to propagation mechanisms, such as LoS, reflec-
tion and diffraction [15]–[17]. Meanwhile, the non-negligible
diffuse scattering, which models the back-reflection from
rough surfaces or non-homogenous materials, is also consid-
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FIGURE 3. Illustration of the ‘‘effective roughness’’ scattering model.

ered in our RT platform [18]–[20]. To achieve it, the rough
surfaces are firstly discretized into multiple small tiles as
shown in figure 3. The far-field assumption should also be
satisfied for each tile. Then a directive scattering pattern is
adopted to calculate the amplitude of the scattering coeffi-
cients based on the ‘‘effective roughness’’ (ER) scattering
model [21]. The phase of each scattering path is randomly
assigned under the uncorrelated diffuse scattering
assumption.

FIGURE 4. Digitized map for the specified scenario.

Figure 4 depicts the digitalized map of the measurement
scenario. Different kinds of materials are color-coded accord-
ing to the legend. The corresponding electromagnetic prop-
erties (i.e., relative permittivity and conductivity) at specified
frequency are adopted depending on the ITU deliverable [22].
The verifications of the RT method are well done by com-
paring the simulated channel with the measurement results
on both PDP and path-levels for all the UE’s locations. More
details about the calibrations can be found in [14] and [23].
Considering the trade-off between modeling accuracy and
complexity, at most three reflections, one diffraction and one
diffuse scattering together with ten penetrations are imple-
mented in our simulations. The other configurations of RT,
such as transmit power and antenna radiation patterns, are the
same as the measurement for extensive simulations.

III. DATA ANALYSIS
For the further analysis of the small-scale channel character-
istics, the measurement-based PDPs are firstly derived from
the captured channel frequency responses as

P(τ ) = |h(τ )|2, (1)

and

h(τ ) = F−1[H (f )], (2)

where H (f ) is the channel transfer function in the frequency
domain. h(τ ) means the channel impulse response (CIR), and
F−1 denotes the inverse Fourier transformation. Then the
peak detection algorithm is adopted to identify the paths in
delay domain [24], [25]. The spatial parameters2 of these
paths are assigned corresponding to the antenna rotated pairs,
thus the spatial resolution is limited by the measurement
configurations.

In order to get well understandings of the path’s behaviors
at high frequency and the influence of the antenna radiation
pattern adopted in measurement, two kinds of RT simulations
denoted as RT-1 and RT-2 have been conducted to emulate
the measurement. The difference between these two simula-
tions is: the spatial parameters of each path are directly calcu-
lated in RT-1, while the values of these angles for simulated
paths in RT-2 are associated with direction pairs of the rotated
Tx-Rx antenna, which emulates the same procedures imple-
mented in the measurement.

An example of the obtained multi-paths from both RTs and
measurement within the 30 dB dynamic range are shown in
figure 5. The marker size represents the power of the path.
By comparing the results, it is obvious that much more paths
are detected from measurement instead of some sparsely
distributed paths in RT-1 simulation, and the distribution of
measurement-based paths is more cluster-alike. We assume
that these differences are caused by the ‘‘frosted glass’’
phenomenon, which represents that the actual channel is
‘‘blurred’’ by the antenna pattern adopted in the current chan-
nel sounding system as demonstrated in figure 6.More specif-
ically, the contribution of one physical path, i.e., δ(�AoA) with
the azimuth of arrival equalling to �AoA, is captured several
times since the radiation pattern of the rotated antenna is
overlapped during the measurement. The received power of
Rx in the ith rotated direction of antenna can be calculated as

pi = |δ(�AoA) ∗ C(�− (i−1) ·1�AoA)|2, i = 1 : I, (3)

where ∗ and · represent the convolutional and multiply
operator, respectively. C(·) stands for the antenna pattern.
I refers to the number of rotation and 1�AoA is the rotation
step of the Rx antenna in azimuth domain. Then, by adopting
the non-parametric post-processing method for measurement
data, some phantom paths, i,e., pi · δ(�AoA − (i − 1) ·
1�AoA), will be detected if the pi is within the dynamic range.
By further investigation, our proposed postulation is verified
by the simulation results in RT-2. We can find that the paths
in RT-2 match well with the detected results from measure-
ment and the cluster-alike phenomenon is also reproduced as
shown in figure 5.

2For certain path, the spatial parameters refer to the azimuth of
arrival (AoA), elevation of arrival (EoA), azimuth of departure (AoD) and
elevation of departure (EoD).
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FIGURE 5. Comparison of the channel based on the measurement and RT simulations at No.1 Rx.

FIGURE 6. The schematic diagram of the ‘‘frosted glass’’ phenomenon.

FIGURE 7. Clustering results using measurement data.

The K-power method is utilized for clustering of detected
multi-path components (MPCs) obtained from the measure-
ment as shown in figure 7 [26]. These centroids of clusters

and simulated paths in RT-1 are used to identify the trace3

along the UE’s trajectory individually according to the
following procedures:

1) Preparing the channel samples 2n for the nth mea-
surement position along the UE’s movement. Here,
2n = [θ ln, . . . , θ

Ln
n ], n = 1 : N . All of the obtained

parameters of lth centroid or path, i.e., power, delay
and spatial parameters, are listed in θLnn . The number
of UE’s locations and centroids or paths obtained in
the nth measurement position are denoted as N and Ln,
respectively.

2) Selecting the sample θ ln with the highest power as the
start of the jth trace denoted as θcurrentj . The n and j start
from 1 for initialization.

3) Identifying the θnextj which satisfies{
θnextj = argmin

l
{|θ lm − θ

current
j |}

|θnextj − θcurrentj | ≤ Tθ ,
(4)

where the Tθ contains the empirical thresholds of
different parameters and m = n+ 1.

4) If the θnextj is selected and m < N , the process con-
tinues by re-starting step 3 with θcurrentj = θnextj and
m = m + 1. Otherwise, the searching for this trace is
ended. The identification for the j+ 1th starts from the
step 2.

5) If all of the samples in θ ln are selected, the procedure
will return to step 2 with n = n+1. The whole process
will be ended if n > N .

Totally 39 traces are observed from both measurement-
based and simulated channels. All of the results are shown

3The trace refers to the continuously evolutionary behavior of the one
path or cluster with regard to the change of time or UE’s location.
Similar phenomenon denoted as ‘‘time-evolving clusters’’ is described
in [26] and [27].
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FIGURE 8. The results of trace association for both measurement and RT.

FIGURE 9. The PDFs of LDs for all traces obtained from both
measurement and RT simulation.

in figure 8, inwhich the points with the same color andmarker
belong to same trace.

IV. MODELLING RESULTS
A. THE ANALYSIS OF ALL THE TRACES
For establishing the dynamic channel model, the statistical
characteristics of the aforementioned traces are analyzed.
As an important metric to evaluate the birth-death feature
of the channel, the life duration (LD) of the jth trace is
calculated as

LDj =

n=n2j −1∑
n=n1j

|Sn − Sn+1|2, (5)

where n1j and n
2
j depict the indexes of the first and last loca-

tions in the jth trace. Sn = [xn yn zn] stands for the coordinate
of nth measurement location. The probability distribution
functions (PDFs) for the LDs of all the identified traces are
depicted in figure 9.We can find that the LDs of 59% and 44%
traces equal to zero for measurement-based and RT simulated
results, respectively. It means that these channel components
only can be observed at single location. We also find that
the LDs are within 5 m for 90% measurement-based and
80%RT simulated traces. However, the LDs of the dominated
paths with larger power are much longer. More specifically,

one (LoS) and two (LoS + single bounce reflection) traces
are observed at all UE’s locations from measurement-based
and RT simulated results, respectively. The distributions of
LDs obtained from both measurement and RT simulation can
be fitted by the exponential decay line with the decaying
factor (λ) equalling to 1.60 and 1.05, respectively. It depicts
that the LDs of RT-based traces are generally longer than
those of the measurement results.

Additionally, the parameters variations of the jth trace
between the nth and mth UE’s locations are investigated by
calculating their absolute values as

1θ
n,m
j = |θnj − θ

m
j |, (m, n) ∈ [n1j n

2
j ]. (6)

FIGURE 10. The analysis of parameters variations for both measurement
and RT results. (a) Measurement-based. (b) RT-based.

TABLE 2. The cross-correlation coefficient between the variations of
parameters for measurement-based trace.

The relationship between 1θ
n,m
j and the correspond-

ing distance of UE’s movement, which is derived as
dn,mj = |Sn−Sm|2, is investigated. All of the results are shown
in Figure 10. It can be found that the ranges of variations for
these parameters are enlarged with the increasing of the dis-
tance between two UE’s locations within the same trace. The
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TABLE 3. The cross-correlation coefficient between the variations of
parameters for RT-based trace.

FIGURE 11. The comparison of the LoS trace between measurement and
RT simulation. (a) The evolution of trace parameters vs location.
(b) Illustration of the propagation paths within same trace. (c) The
comparison of the parameters variation.

general trends of these variations are quite similar for both the
measurement-based and the RT simulated results, although
the distributions of the parameter variations are more dis-
persive in the former one. The interdependence among these
variations of different parameters, i.e., delay, AoA and power,
is evaluated by introducing the cross-correlation coefficient

FIGURE 12. The comparison of the reflection (single bounce) trace
between measurement and RT simulation. (a) The evolution of trace
parameters vs location. (b) Illustration of the propagation paths within
same trace. (c) The comparison of the parameters variation.

calculated as

C =

∑N
i=1(xi − X̄ ) · (yi − X̄ )√∑N

i=1(xi − X̄ )2 ·
∑N

i=1(yi − Ȳ )2
, (7)

where xi and yi are the ith element of parameters X and Y ,
respectively. The X̄ and Ȳ denote the mean value of
samples xi and yi, respectively.

According to the results shown in Table 2 and 3, it can
be observed that the variations of parameters are highly
correlated, especially for the changes of AoAs and AoDs
in RT case. The reason is that the detected traces from
RT simulations consist of the LoS, single bounce and double
bounce paths. The parameters of these paths are geometri-
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FIGURE 13. The No.1 RT-specified trace. (a) The evolution of trace
parameters vs location. (b) Illustration of the propagation paths within
same trace. (c) The variations of parameters.

cally calculated, and the variations of these parameters are
simultaneous and highly dependent. For the measurement-
based results, the continuity of the spatial parameters between
two adjacent locations are influenced by the rotation and
radiation pattern of the antenna in the measurement. Thus,
the correlation between the variations of the AoAs and AoDs
decreases.

B. THE ANALYSIS OF THE COMMON TRACES
In order to design and evaluate the performance of beam-
related algorithms, such as beam tracking, the behaviors of
the traces should also be studied individually. Totally four
common traces are identified from the measurement-based

FIGURE 14. The No.2 RT-specified trace. (a) The evolution of trace
parameters vs location. (b) Illustration of the propagation paths within
same trace. (c) The variations of parameters.

and RT simulation results. Two of them, which originate from
different propagation mechanisms, are analyzed below.

Figure 11 depicts the LoS traces for both measurement and
RT cases. It can be observed that the LoS path obtained from
simulation is more stable than the measurement-based result.
Larger variations in the spatial domain are experienced at the
sharp turning of the UE’s movement. The features of single
bounce reflected trace are illustrated in figure 12.We can find
that two traces from measurement-based results are detected
to match the reflected trace obtained from RT simulation
as shown in 12(a). It demonstrates that this trace could be
divided into several parts because of the missing of channel
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samples at some UE’s locations during the measurement.
Thus, the LDs calculated based on measurement will be
shorter than those from the RT and the probability of path’s
birth-death is correspondingly higher.We also find a common
trace originating from the double bounce reflection and it
lasts for only four UE’s locations.

C. THE ANALYSIS OF RT-SPECIFIED TRACES
In total four traces only existing in the RT results are iden-
tified and the analyses of two typical cases are presented.
Figure 13 depicts the trace originating from the double reflec-
tion and it was observed at 19 UE’s locations. We can find
that the general trends of the AoA’s and AoD’s variations are
quite similar. It also verifies the rationality of the high cross-
correlation between the spatial parameters listed in Table 3.
The special trace which consists of paths originating from two
different mechanisms is shown in figure 14. It can be found
that this trace smoothly varies along UE’s movement by
involving diffracted path (cyan) and single bounce reflected
path (blue) as demonstrated in figure 14(b). By further com-
parison, we find that the power deviation between these two
kinds of paths is non-significant. It demonstrates that the
diffracted paths originating from the edges of metal in the
indoor environment should still be well considered at high
frequencies.

V. CONCLUSIONS
In this paper, the dynamic features of the propagation chan-
nel at 23.5 GHz in an indoor conference room have been
analyzed. The behaviors of the traces identified from both
measurement-based and RT simulation results have been
evaluated individually. The proposed ‘‘frosted glass’’ phe-
nomenon, which refers to the influences of current sounding
system and antenna radiation pattern, has also been analyzed
by further comparisons between the measurement-based and
RT simulated channel samples. Results show that the
RT-based traces are more stable and survive longer than those
from the measurements. It has been found that the LDs of
the most traces are within 5 m, which seems to be short
but enough for implementing the beam-tracking algorithm
by assuming that the normal walking speed of person equals
to 1.5 m/s. Moreover, the dominant paths with large power,
i.e., LoS and single bounce reflected paths, last much longer.
The observation shows that the diffraction is still non-
negligible at high frequencies. Meanwhile, high correlations
among the parameters’ variations within the same trace have
been observed. And these variations are limited within certain
range.
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