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Abstract—The millimeter-wave band will be one of the key
components for the fifth generation (5G) wireless communication
systems. A radio channel measurement was conducted at 28 GHz
in a laboratory environment. Two horn antennas were used
with a vector network analyzer. The transmitter antenna was
fixed in one direction while the receiver antenna was rotated
360° in azimuth in the measurement. The space-alternating
generalized expectation-maximization algorithm was utilized for
the rotated directional antenna scenario to estimate channel
parameters of multipath components. Power delay profile, power
angle profile and root mean square delay spread were obtained
from the measured results. The Saleh-Valenzuela model was
used to characterize the measured channel and the intra-cluster
parameters were extracted.

Index Terms—millimeter-wave, 5G, channel measurement,
channel modelling

I. INTRODUCTION

Wireless communication networks are faced with new short-
comings as Internet usages are proliferating. Future networks
will have to support high capacity and massive connectivity
with an increasingly diverse set of services, applications and
users such as Machine-to-Machine (M2M) and Internet of
things (IoT). Also, the flexible and efficient use of all spectrum
and resources are required to accommodate widely different
network deployment scenarios. These requirements envisioned
for what are now being called fifth-generation (5G) wireless
communication systems. To address these challenges, there has
been growing interest in moving up frequency into millimeter
wave (mmWave) where enormous bandwidths are available.
The mmWave approach can achieve much higher data rates by
using simple air interfaces due to large bandwidth. In addition,
by virtue of the vast available and unexploited bandwidth,
mmWave systems can easily satisfy higher system capacity
requirement.

Recently, there has been extensive research on mmWave
outdoor cellular communications. In [1]-[3], the measure-
ments were conducted at 28, 38 and 73 GHz in the urban

environments. Results show by using directional or adaptive-
beam antennas, mmWave signals are potentially viable at dis-
tances of 100-200 meters, even in none-line-of-sight (NLOS)
scenarios. Besides, the mmWave systems can provide at least
an order of magnitude in capacity over current state-of-the-art
LTE systems, at least for outdoor coverage.

The current cellular communication systems normally use
an outdoor base station (BS) in the middle of a cell to commu-
nicate with mobile users, no matter whether they stay indoors
or outdoors. For indoor users communicating with the outdoor
BS, the signals have to go through building walls, and this
causes very high penetration loss, which significantly degrades
the data rate, spectral efficiency, and energy efficiency of
wireless transmissions. At mmWave frequencies, this situation
will be even worse due to high penetration loss through
building walls. Therefore, outdoor and indoor scenarios will
be probably separated in 5G cellular architecture [4].

Most of the research on indoor mmWave channel measure-
ments and modelling in the literature were carried out at 60
GHz. This is mainly because there are several GHz spectrum
around 60 GHz was freed for unlicensed use by spectrum
regulators and high oxygen attenuation prevents it for outdoor
usage. Two IEEE standards have been proposed for 60 GHz
indoor wireless communications, namely, IEEE 802.11ad and
IEEE 802.15.3c. The indoor channel characterization at this
frequency band has been well studied. However, there is very
limited studies for mmWave indoor channel below 60 GHz.
This work conducted indoor channel measurements at 28 GHz.
The motivation of selecting this frequency is to study feasi-
bility of reusing 28 GHz for indoor applications while this
frequency was proposed for outdoor cellular communications
recently. The cost efficiency is a major concern for 5G
systems, which can be significant improved by reusing of
either spectrum or hardware.

For mmWave wireless communications, directional anten-
nas are implemented to overcome fading margins in the
link budget. Beam-steering or beam-forming techniques are



proposed to solve inherent coverage problems associated with
these narrow beam antennas [5]. Samsung has announced
its 60 GHz WiFi technology based on wide-coverage beam-
forming antennas with mirco beam-forming technology recent-
ly [6]. Therefore, we adopted beam-steering approach with the
high gain antenna in the channel measurement to simulate real
scenarios.

In the channel modelling, there are generally two types
of method to resolve the multipath components in space.
One is using the linear (virtual) array with omni-directional
elements. The angle of departure (AoD) and angle of ar-
rival (AoA) estimates for the multipath components were
obtained using high resolution signal processing methods such
as the space-alternating generalized expectation-maximization
(SAGE) algorithm [7]. The other method is based on steering
the highly directional antenna in the measurement. The half
power beamwidth of this kind of antenna is very narrow, so
it can resolve multipath components in space directly [8]. In
the proposed work, in order to improve dynamic range of the
measurement system, the combination of two methods were
adopted. A circular virtual array of a rotational directional
antenna was used in the channel measurement and the SAGE
algorithm was utilized for channel parameter estimation.

The paper is organized as follows. Section II presents the
experimental setup for channel measurement. The measured
results and the analysis are presented in Section III. Section
IV relates the channel modelling and Section V summarizes
this work.

II. INDOOR CHANNEL MEASUREMENT

The indoor measurement was conducted in a laboratory
environment as shown in Fig. 1. The size of the room is
about 7 x 10 x 3.5 m3. The lab is furnished with multiple
chairs, desks and a table. In addition, the room is equipped
with several computers and electronic devices. The walls
are typical plasterboard walls, and the floor and ceiling are
made of concrete. Two standard horn antennas are used for
transmitter and receiver, respectively. The radiation pattern of
the horn antenna is shown in Fig. 2. The gain of the antenna is
18.52 dBi at 28 GHz. The 3-dB beamwidth of the horn antenna
is about 20° at both E and H planes. The Tx antenna was at
a fixed position. The Rx antenna was placed on a tripod and
rotated clockwise from 0° to 360° in azimuth with the step of
15°. The heights of Tx and Rx antennas were both at 1.1 m.
The lab layout and antenna positions are shown in Fig. 3.
Although there was a table in between the transmitter and
receiver, the height of table was below the height of antennas.
So, the Rx and Tx were in the line-of-sight (LOS) condition
with 4 m separation. During the measurement, the environment
was kept static. Two 5-m long coaxial cables were used to
connect Tx and Rx antennas to an Agilent N5245A vector
network analyzer (VNA). The measured frequency range is
27.5 GHz to 28.5 GHz using 3201 frequency points. The time
resolution of this setup is 1 ns. The output power of VNA was
15 dBm and intermediate frequency (IF) filter bandwith was

1 kHz. The duration of each sweep was 2.95 s.

Fig. 1. Lab environment and measurement setup.
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Fig. 2. Radiation pattern of horn antenna at 28 GHz.
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Fig. 3. Lab environment layout.




III. MEASUREMENT RESULTS
A. Power Delay Profile

The power delay profile (PDP) was computed as the inverse
Fourier transform of the measured channel transfer functions.
The hanning window was applied to the measured data before
the transform to suppress the undesired side lobes and improve
the dynamic range in the time domain. Fig. 4 shows the 3D
plot of power delay profile, where 6 is Rx antenna rotational
angle. As shown in the figure, the peak power is received at
0° for the LOS path and second peak is observed at +180°,
which are reflections of LOS path. And there are some other
minor multipaths can be observed.
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Fig. 4. Power delay profile plot in 3D.

B. Synthesized Power Delay Profile

A method was proposed for synthesizing the directional
PDP to a omni-directional-like one [9]. This method allows
each directional measurement to be aligned in time domain
and composed PDPs covering all 360° directions can be
obtained. If at a specific time delay, multiple directional PDPs
are overlapped, only the multipath component (MPC) with
maximum peak power is selected because the dominant MPC
on dedicated angle should be considered for synthesized PDPs.
The method is illustrated in Fig. 5.

C. Root Mean Square (RMS) Delay Spread

The RMS delay spread (second-order moment) can also be
computed from the composed PDP by
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where PDP(7,,) are the components of the PDP within a
threshold and 7, are their corresponding delay. A threshold
of 60 dB below the peak was selected to compute RMS delay
spread. The calculated RMS delay spread from synthesized
PDP is 4.50 ns. This value is relatively small because the
fixed direction of the transmitting antenna.
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Fig. 5. (a) Measurements in each angle bin at receiver and fixed angle at
transmitter. (b) The directional PDP are synchronized and superimposed. The
synthesized delay profile is shown as the output.

D. SAGE Algorithm

In order to estimate the AoAs, the SAGE algorithm was
applied on the previously computed PDP data. Unlike previous
studies which use the linear virtual array of omni-directional
elements, we used the rotated directional antenna in the mea-
surements. The antenna was considered as a virtual 24-element
circular array. Each element points to a specific direction with
high directivity. The spacings between elements were assumed
to be zero. Based on this assumption, a modification was
applied to the original SAGE algorithm [10], where the M-
dimensional vector-valued function of the steering vector of
the array is defined as

(@) = [c1(9); -

Its components are given by

m (@) = fm(¢)exp{j2WA_1 (e(@),7m)} (3)

with A, e(¢), fm(¢) denoting the wavelength, the unit vector
in IR? pointing toward the direction determined by ¢, and
the complex electric field pattern of the m'" antenna element,
respectively. In the proposed algorithm ¢, (¢) = f,(¢) which
is the antenna radiation pattern when the antenna points to a
specific angle, i.e. the rotated radiation pattern of that shown
in Fig. 2. The channel parameters of i*" path components
including complex amplitude, delay and angle of arrival in
azimuth were estimated using the proposed SAGE algorithm.
The number of estimated path is set to 200. Fig. 6 shows the
estimated delay-azimuth spread function.
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Fig. 6. Estimated delay-azimuth spread function using SAGE algorithm.

The power delay profile and power angle profile (PAP) were
obtained using the estimated channel parameters. Fig. 7 shows
the power delay profile using estimated results compared
with synthesized results described in Section III-B. A good
agreement can be observed, which validated the proposed
SAGE algorithm.
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Fig. 7. PDP: synthesized measurement results vs. estimated using SAGE
algorithm

Fig. 8 shows the estimated power angle profile using SAGE
algorithm. Two angles with significant power can be observed.
One is at 0° or 360°, which is for the LOS path. The other is at
180°, which is due to the reflection from the wall. Some minor
multipaths can be observed in the angle ranges of 40° — 70°
and 260° —320°. However, because of the fixed direction of the
transmitting antenna, a relative small region of the room was
covered by radio propagation and few number of multipaths
were received.

IV. CHANNEL MODELLING
The Saleh-Valenzuela (S-V) channel model [11] is used to
model the measured results. The channel impulse response for
the S-V model may be written as:
h(t) = ADCO ¢ — 1)
. o | )
cO(t) = Z BB 5 (¢ — 7Ry
k
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Fig. 8. Estimated power angle profile using SAGE algorithm

where:

e h is a generated channel impulse response.

o ¢ is time at receiver.

o A and C® are the gain and the channel impulse
response for ¢-th cluster respectively.

e 0(+) is the Dirac delta function.

o T® is time coordinate of i-th cluster.

o a¥%) is the amplitude of the k-th ray of i-th cluster.

o 7% is relative time coordinate of k-th ray of i-th cluster.

Based on 60 GHz WLAN channel modelling in IEEE
802.11ad standard [12], the channel is characterized by inter-
cluster and intra-cluster parameters. The intra-cluster time
domain parameters can be modelled as shown in Fig. 9.
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Fig. 9. Time domain model of the cluster [12].

The cluster consists of a central ray o(%?) with fixed
amplitude and pre-cursor a(>~Ns) . o(»=1) and post-cursor
rays o(»D) . o(»No) The central ray a(»?) was selected as
the ray with highest amplitude in the cluster. The number of
pre-cursor rays Ny and post-cursor rays IV, can be derived
from measurements. Pre-cursor and post-cursor rays are mod-
elled as two Poisson processes with arrival rates Ay and A,
respectively. The average amplitudes Ay and A, of the pre-
cursor and post-cursor rays decay exponentially with power
decay times vy and -y, respectively.

AJE(T) — Af(o)e\fl/vf )

Ay(r) = Ay(0)e= 11/

The amplitudes of the pre-cursor and post-cursor rays are
coupled with the amplitude of the central ray of the cluster



TABLE 1
SUMMARY OF THE INTRA CLUSTER TIME DOMAIN PARAMETERS FOR
CLUSTER 1 & 2

Parameter Notation | Cluster 1 | Cluster 2
Pre-cursor rays K-factor Ky 12.8 dB 6.1 dB
Pre-cursor rays power decay time Y 6.6 ns 12.8 ns
Pre-cursor arrival rate Ar Ins~1T Ins~1T
Number of pre-cursor rays Ny 13 12
Post-cursor rays K-factor Ky 7.4 dB 8.9 dB
Post-cursor rays power decay time Vb 3.6 ns 5.1 ns
Post-cursor arrival rate Ap Ins—T Ins—T
Number of post-cursor rays Ny, 11 11
a0 by Rician K-factors that are defined as:
y
K} = 20logyy | 2
f = &Ulog1o
A (0) 6
K, = 20log, | ——
b = 2010g;
Ay(0)

In this study, the K-means algorithm [13] was utilized
for clustering of estimated multipath components based on
measurement results. As shown in Fig. 10, three clusters
are identified in delay domain. If there are multiple MPCs
arriving at a specific delay from different AoAs, the weighted
vector sum was calculated based on the radiation patterns with
corresponding angles.
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Fig. 10. Multipath component clustering in time domain.

Because Cluster 3 is too weak, only Cluster 1 and Cluster 2
were modelled. The intra-cluster parameters for Cluster 1
and Cluster 2 are summarized in Table I. Another important
parameter of this model is cluster gains A, which can be
calculated as [12]:

A/ (4rd) for LOS ray

AW =7
gW7/(4n(d+ R)); R=c-t for NLOS clusters

where A is a wavelength (10 mm), d is a distance between TX
and RX (along LOS path), ¢(¥ is a reflection loss, R is a total
distance along the cluster path decreased by d, R is calculated
as a product of time of arrival relatively LOS and the speed
of light. In the proposed scenario, only A(®) and A™) need to
be calculated for the LOS ray and the first order reflection at
angle of arrival of 180°, where d is 4 m, R is 6.9 m but g(*)
need be further investigated. There results can be used for a
reference for 28 GHz indoor wireless system design.

V. CONCLUSION

In this paper, a 28 GHz channel measurements were con-
ducted in an indoor environment using two horn antennas.
Based on authors’ knowledge, this frequency is seldom ex-
plored for indoor wireless communications. The rotated horn
antenna was considered as a virtual circular array. A modified
SAGE algorithm was applied to estimate channel parameters
for multipath components. The power delay profiles and
the power angle profiles were obtained. A good agreement
between the SAGE estimated PDP and the synthesized PDP
can be observed which validated the proposed SAGE algo-
rithm. The measured results were modelled using the Saleh-
Valenzuela channel model in delay domain and the intra-
cluster parameters were extracted. The more wider radiation
angle for the transmitting antenna will be considered in the
later study.
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