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Abstract—In this paper, the channel measurements at 28 GHz
and 3.5 GHz were conducted in the same indoor shopping mall
scenario for the purpose of comparing the channel propagation
characteristics between millimeter wave and centimeter wave.
In the measurement of 28 GHz, a high gain steerable horn
antenna is rotated with the step of 5 degrees in azimuth to
synthesize the omnidirectional signal array for collecting the
angular information at receiver (Rx) while a sector antenna at
transmitter (Tx). And the raw data at 3.5 GHz is collected by
a MIMO measurement equipment of an omnidirectional array
(ODA) at Rx with an uniform array (UPA) at Tx. Based on
the raw data and channel estimation algorithm space-alternating
generalized expectation-maximization (SAGE), Power Angular
Spectrum (PAS) and Root Mean Square (RMS) Angular Spread
of Azimuth of arrive (ASA) are calculated. After that, the PAS at
each measured spot are compared and analyzed. Meanwhile, the
relationship between RMS ASA and distance in the Line of sight
(LoS) are observed at 3.5 GHz and 28 GHz. Finally, the fitted
distributions and parameters of the RMS ASA at 3.5 GHz and
28 GHz are compared with the Model-A proposed in IMT-2020
channel model.

Index Terms—channel measurement, millimeter wave, power
angular spectrum, angular spread.

I. INTRODUCTION

In order to meet the increasing demand on data service
such as Mobile Internet and the Internet of Thing (IoT), the
fifth generation mobile communication system (5G) named
as IMT-2020 will come into service in 2020 [1]. But with
a large amount of commercial services, the available wireless
spectrum resource below 6 GHz can not meet the requirements
of 5G [2]. Therefore, the band above 6 GHz are extended
in IMT-2020 system. And the IMT-2020 channel model is
established for the system supporting frequencies up to 100
GHz [3].

To explore the relationship between propagation character-
istics and frequency further, extensive researches based on
channel measurements have been carried out. Indoor office
measurements with biconical antennas at 3.5, 6, 14, 23, 26 and
28 GHz are conducted in [4], in which the results of path loss
and RMS delay spread (DS) are discussed. In [5], the results
of the similar indoor measurements at 2.4, 5.2, 10, 17 and 24
GHz indicate greater RMS DS in NLoS at higher frequency.
Based on indoor wideband channel measurement, frequency

dependency of propagation parameters below 11GHz are in-
vestigated in [6] [7]. And high frequency band measurements
at 28 GHz and 73 GHz are carried out in [8], which path loss
is mainly analyzed.

Most recent multi-band frequency comparison studies focus
on the path loss and DS based on measurements. A few
comparisons discuss the angular properties such as angular
dispersion which is analyzed with ray tracing simulation in
[9]. Meanwhile, Model-A and model-B [3] are proposed in
IMT-2020 channel model for the requirements of IMT-2020
system recently. The fundamental difference between model-
A and Model-B is that the hybrid on low frequency band
below 6 GHz and high frequency band above 6 GHz up to 100
GHz. One set common formulas and data is utilized in model-
B for all frequency band while two sets in model-A. And
there needs more measurements in real scenarios to validate
practical effects of the models. Thus the motivation of this
paper is to study the angular propagation characteristics based
on the channel measurements below 6 GHz and up 6 GHz in
the same environment.

In this paper, the channel measurements are conducted at
3.5 GHz and 28 GHz in indoor shopping mall scenario,
respectively. A MIMO channel sounder is used at 3.5 GHz
while a high gain steerable horn antenna is rotated around
a circle at 28 GHz to collect angular information. Then
the channel angular parameters of PAS and RMS ASA are
extracted from raw data in detail. The relationship between
RMS ASA and distance as well as the distribution of ASA
compared with the model in IMT-2020 model are analyzed.

The rest paper is organized as follows. Section II de-
scribes the indoor measurement facilities, setup, procedure
and environment. In Section III, the data processing methods
are introduced. After that, the results are presented and the
comparison on angular characteristics between 3.5 GHz and
28 GHz are analyzed in Section IV. Finally, the conclusion is
given in Section V.

II. MEASUREMENT SETTING AND ENVIRONMENT

A. Measurement Setup

The comparative measurements were conducted by utilizing
the Elektrobit Propsound Sounder with 100 MHz bandwidth



TABLE I
MEASUREMENT SETUP PARAMETERS

Parameter Value at 3.5 GHz Value at 28 GHz

Bandwidth 100 MHz 400 MHz

Tx antenna type UPA Sector

Tx azimuth range −70◦ ∼ 70◦ 90◦ (HPBW)

Rx antenna type ODA Horn

Rx azimuth range −180◦ ∼ 180◦ 10◦ (HPBW)

Tx & Rx height 1.5 m 1.5 m

described in [10] and sliding correlator with 400 MHz band-
width to capture the raw channel data at 3.5 GHz and 28 GHz,
respectively. In order to compare the spatial domain dispersion
characteristics between 3.5 GHz and 28 GHz, omnidirectional
antenna should be equipped. In this case, a dual-polarized
omnidirectional array (ODA) with 56 antenna elements was
installed at receiver (Rx) side while a dual-polarized uniform
array (UPA) at transmitter (Tx) side with 32 antenna elements
for 3.5 GHz measurement, shown in Fig. 1. Meanwhile, a
steerable high gain horn antenna (10◦ half-power beamwidths,
HPBW) and a sector antenna were used respectively at Rx and
Tx for 28 GHz. With the measurement method described in
[11], the high gain horn antenna was rotated in azimuth with
the step of 5 degrees, which the data recorded at each angle bin
is combined into omnidirectional signal array to extracted the
angular parameters. The overall measurement setup parameters
are listed in Table. I.

B. Measurement Environment

The measurement campaign was carried out in the hall of
a teaching building illustrated in Fig. 3, which is the typical
example of indoor shopping mall scenario. The Tx location
denoted by red star is fixed. At the same time the Rx spots
denoted by the red circle are distributed across the building
hall at which the raw data are recorded by sounder. There
are total 20 fixed measured spots at 4 Rx routes described in
Fig. 3 dividing the Rx spots into LoS and NLoS propagation
condition. The measured spots in Line #1 are all at the LoS
condition while the Line #2 are all at the NLoS condition. And
the rest routes Line #3 and #4 both exist LoS and NLoS spots.
Raw channel data were collected for 3.5 GHz and 28 GHz at
identical Rx spot with ODA and high gain horn antenna rotated
around a circle at step of 5 degrees, respectively. The height
of the Rx and Tx antennas are 1.5 m to acquire the azimuth
information.

III. DATA PROCESSING METHOD

A. Data Pre-processing

After raw channel data are recorded by the channel sounder
at 3.5 GHz and 28 GHz, the measured channel impulse

(a) UPA (Tx) (b) ODA (Rx)

Fig. 1. Layout of antennas at 3.5 GHz

(a) Sector (Tx) (b) Horn (Rx)

Fig. 2. Layout of antennas at 28 GHz

Fig. 3. The measurement plan map

response (CIR) can be calculated by sliding correlation. The
CIR can be written as

h(t, τ) =

L∑
l=1

αlδ(τ − τl) (1)

where αl, τl denotes the complex amplitude and the delay of
the lth subpath, respectively. It is remarkable that the horn
antenna is rotated around a circle with step of 5 degrees to
synthesize the omnidirectional signal array for extracting the
angular characteristics.

Thus the directional CIR is defined as

hi(t, τ) =

L∑
l=1

α
(i)
l δ(τ − τ (i)

l ), i = {1, . . . , I} (2)

where i denotes the ith pointing angle when the rotating



measurement and I denotes the total number of the pointing
angle which is 72 when the step is 5 degrees. And the
omnidirectional CIR is synthesized by the hi(t, τ), which is
written as

homni(t, τ) = [h1(t, τ), h2(t, τ), . . . , hI(t, τ)] (3)

where homni(t, τ) is equivalent to the omnidirectional signal
obtained by the ODA in the measurement at 3.5 GHz and the
angular information can be extracted by it.

After CIR has been obtained and pre-processed, The Space-
Alternating Generalized Expectation-maximization (SAGE) al-
gorithm is utilized to extract channel parameters from the CIR,
which calculates the joint estimation of the parameters set

θl = {τl, fd,l,Φl,Ωl, αl}, l = {1, . . . , L} (4)

where τl, fd,l, Φl, Ωl and αl denote the propagation delay,
doppler shift, angle of departure (AOD), angle of arrival
(AOA) and complex amplitude of the lth subpath, respectively.
And L is total number of the estimated path. With the
estimated parameters, the channel propagation characteristics
such as PAS and RMS AS can be calculated.

B. Power Angular Spectrum

The received signal power distribution at different angle
direction is reflected by the PAS which results in the spatial
correlation. In order to simplify the comparison, only the PAS
of AOA will be discussed in this paper. The PAS of the AOA
is calculated by using the estimated parameters αl and Ωl, and
the formula is followed as

PAS(φi) =
∑

Ωl=φi

‖αlδ(t− τl)‖2, l = {1, . . . , L} (5)

where φi denotes the ith angle with regular interval in the
range of [−π, π].

C. RMS Angular Spread

RMS AS is an important measure of the spatial domain
dispersion of the multipath components. It is defined as the
second central moment of the power angular profile (PAP).
But in practice the circular angular spread (CAS) is used to
eliminate the divation of the angular limitation. the CAS is
calculated by [12]

σAS = min
4

√√√√∑L
l=1(φl,µ(4))2Pl∑L

l=1 Pl
(6)

φl,µ(4) = <[φl(4)− µAS(4)] (7)

where Pl denotes the power of the lth subpath and µAS(4)
is the mean of the angle weighted with power Pl which can
be obtained by

µAS(4) =

∑L
l=1 φl(4)Pl∑L

l=1 Pl
(8)

where φl(4) denotes as

φl(4) = <[φl +4] (9)

where 4 denotes a certain angular shift and < is angular
limitation operation which the angle is limited in [−π, π].

IV. DATA RESULT ANALYSIS

A. Comparison on Power Angular Spectrum
Fig. 4 and Fig. 5 show the PAS of 3.5 GHz and 28 GHz

at spot #2 in Line #1 and spot #15 in Line #3, respectively.
And the direction of zero degree is east corresponding to the
direction described in Fig. 3. The dynamic range of the power
is marked by the radius of the polar figure.

Seeing from the measurement map, the spot #2 is in LoS
condition. It is obvious to find that the main lobes of the PAS
at 3.5 GHz and 28 GHz both are three parts marked by red
dotted ellipse in Fig. 4. The lobe with max power indicates the
direct propagation path while the rest lobes are mainly caused
by the reflection from two sides of the wall. Compared with
the spot #2, the spot #15 in NLoS condition shows the lobes
with similar power according to the PAS in the Fig. 5.
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(a) PAS at 3.5 GHz
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(b) PAS at 28 GHz
Fig. 4. PAS of spot #2 at 3.5 GHz and 28 GHz (LoS)
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(a) PAS at 3.5 GHz
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(b) PAS at 28 GHz
Fig. 5. PAS of spot #15 at 3.5 GHz and 28 GHz (NLoS)

Though the number and distribution of the main lobes are
similar in the same measured spot, the detailed path and power
are extremely different regardless of the difference caused by
the measurement facilities. It is obvious that more subpath
signals at 3.5 GHz can be received from different direction
than 28 GHz, which can be seen intuitively from Fig. 4 and
Fig. 5.

The PAS of AOA can reveal the propagation condition of the
real environment roughly through the power and the AOA of
the estimated path. But more details of the angular dispersion
must be described by the analysis of angular spread.



B. Comparison on Angular Spread

After PAS results are given in the former section, in order
to observe the difference of more details of the angular
characteristic, RMS ASA is discussed in this section. Table. II
shows the results of RMS ASA in each measured spot at 3.5
GHz and 28 GHz. The symbol L in the table represents the
LoS spot. In LoS condition, the ASA values at 3.5 GHz are
generally greater than these at 28 GHz while the results are
similar in NLoS condition. The results are identical with the
conclusion observed in Fig. 4 and Fig. 5. The reason why there
are more subpaths and greater ASA at 3.5 GHz than these at
28 GHz is that more detailed reflection and scattering signals
can received at 3.5 GHz from more direction.

TABLE II
RMS ASA OF EACH SPOT AT 3.5 GHZ AND 28 GHZ

Spot
RMS ASA Mean (degree)

Spot
RMS ASA Mean (degree)

at 3.5 GHz at 28 GHz at 3.5 GHz at 28 GHz

#1(L) 12.94 5.83 #11(L) 35.02 26.45

#2(L) 31.58 15.17 #12 53.81 45.52

#3(L) 26.37 9.76 #13 56.53 49.86

#4(L) 21.91 16.74 #14 34.27 30.87

#5(L) 39.72 22.06 #15 55.74 54.21

#6(L) 34.11 10.36 #16(L) 62.21 58.44

#7(L) 18.42 13.42 #17 54.19 47.86

#8(L) 22.76 12.47 #18 52.94 37.79

#9 69.63 69.69 #19 49.41 34.38

#10 59.98 56.57 #20 57.90 50.01

L : LoS condition

In order to observe the variation of the RMS ASA along
with the distance at 3.5 GHz and 28 GHz. The relationship
between RMS ASA and the distance is plotted in Fig. 6 using
the ASA results of spots in Line #1 at 3.5 GHz and 28 GHz.
The marked points in the figure are successively from spot #1
to spot #8 with the distance increasing. The results indicate
the different variation at different distance.
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Fig. 6. The RMS ASA with distance at Line #1

It is obvious that the ASA value at spot #2 (9.6 m in
Fig. 6) mutates compared with the adjacent points. Thus
before the analysis of the variation, the spot #2 is selected to

illustrated specially for the saltation of the ASA value. From
the measurement plan map in Fig. 3, it can be seen that the
reflection signals caused by the marked narrow wall W1 are
received by Tx at spot #2 while the reflection can not arrive
at spot #1 because of the short distance. Meanwhile the Area
A1 marked in Fig. 3 is the entrance of the stairs without wall
to cause reflection at spot #3. Based on the real propagation
environment, the saltation of the AS occurs at the spot #2.
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Fig. 7. The CDF of the ASA at 3.5 GHz and 28 GHz in LoS
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Fig. 8. The CDF of the ASA at 3.5 GHz and 28 GHz in NLoS

After excluding the special spot #2, the variation of the
ASA with distance is obviously seen from Fig. 6. The ASA
value increases originally with the distance from spot #1
to spot #5 when leaving spot #2 out. When the distance
increases continuously after spot #5, the ASA decreases with
the distance and tends to be invariable at spot #7 and spot #8
finally.

The explanation of the different variations among the ASA
along with the Line #1 are as followed: before the spot #5,
as the distance increases, the signals caused by reflection
and scattering arrive at Rx with bigger AOAs contributing to
the greater RMS ASA. Whereas, when the distance increases
continuously, the signals reflected and scattered by the wall
become weaker and weaker. And the signals from direct
path are dominated leading to the decrement of the ASA.
When increased to a certain distance and combing with the
environment in Line #1, the received signal at spot #7 and #8



are dominated by the direct path with few reflected signal, for
which the ASA tends to be invariable.

For better comparison with the IMT-2020 channel model,
the distributions of the RMS ASA in the indoor scenario at
3.5 GHz and 28 GHz are fitted in LoS and NLoS condition,
respectively. The cumulative density functions (CDF) of RMS
ASA at 3.5 GHz and 28 GHz in LoS are given in Fig. 7
while the results in NLoS are presented in Fig. 8. To clearly
compare the difference of the IMT-2020 channel model and
the measured results at 3.5 GHz and 28 GHz, the curve fitted
with the parameters proposed in the standard including Model-
A are also plotted in Fig. 7 and Fig. 8. From the distribution
of LoS in Fig. 7, the CDF of measured result at 3.5 GHz is
closer to the standard than 28 GHz. But the results at 3.5 GHz
and 28 GHz both are much smaller than standard. In contrast,
the CDF results are almost the same as standard while these
results at 3.5 GHz is still closer to the standard than 28 GHz
in NLoS.

Meanwhile, quantitative analysis of the fitting parameters
based on the measured data, the standard parameters and
percentage of deviation are listed in Table. III. It can be
seen from the table that 14.20% deviation of fitted mean
ASA between measured results and standard at 3.5 GHz
while 27.33% at 28 GHz in LoS. And only 2.26% and
2.94% deviation are calculated at 3.5 GHz and 28 GHz in
NLoS, respectively. It is also worth noting that there are large
deviation on standard deviation between all measured data and
standard. The conclusion is in keeping with the CDF results
observed in Fig. 7 and Fig. 8.

TABLE III
COMPARISON ON FITTED PARAMETERS OF ASA

Parameter
LoS NLoS

µ
σ

µ
σ

lg(ASA/1◦) lg(ASA/1◦)

measured at 3.5 GHz 1.39 0.16 1.73 0.08

model-A at 3.5 GHz 1.62 0.22 1.77 0.16

percent of deviation 14.20% 27.27% 2.26% 50%

measured at 28 GHz 1.09 0.18 1.65 0.12

model-A at 28 GHz 1.50 0.29 1.70 0.23

percent of deviation 27.33% 37.93% 2.94% 47.83%

V. CONCLUSION

This paper mainly focuses on the comparison on the angular
propagation characteristics between 3.5 GHz and 28 GHz
based on measurements in the indoor shopping mall scenario.
The angular parameters including PAS and RMS ASA are
extracted from the raw data with the channel estimation
algorithm. From the observation of PAS at each spot, main
lobes are similar at both frequency but more detailed subpaths
received at 3.5 GHz. It indicates that more reflection signals
from more direction can be received by 3.5 GHz than 28
GHz. In particular, the RMS ASA are mainly analyzed through
the ASA at each spot. The RMS ASA values at 3.5 GHz

are generally greater than these at 28 GHz. The relationship
between RMS ASA and distance are deeply researched and
discussed. Combining with the construction of the Line #1,
the variation is differently presented with the increasing of
distance. Furthermore, the statistic property of RMS ASA
between measured results and the standard are compared with
CDF curves and fitted parameters. At 3.5 GHz, the measured
results are fitted closer to Model-A proposed in IMT-2020
model regardless of the LoS and NLoS condition than 28 GHz.
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