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Abstract—Millimeter wave (mmWave) communication is a key
technology for the fifth generation (5G) wireless communications,
especially the 60 GHz bands for short-range indoor communi-
cations. Though there have been many channel measurements
at 60 GHz bands, few of them concern about antenna effects
on the propagation channel characteristics, such as the antenna
height and directivity effects. In this paper, we conduct extensive
60 GHz indoor channel measurements. Different antenna height
and directivity configurations are utilized, and the effects on the
propagation channel characteristics are investigated, especially the
average power delay profile (APDP), K-factor, root mean square
(RMS) delay spread (DS), and RMS angle spread (AS). The results
will be valuable for the design of 5G mmWave communication
systems.

Index Terms—Millimeter wave, 60 GHz, 5G, channel measure-
ments, antenna effects.

[. INTRODUCTION

MmWave communication is a key technology for the 5G
wireless communications [1], especially for short-range indoor
scenarios. There are at least 5 GHz unlicensed bandwidths
around 60 GHz almost all over the world. MmWave benefits
from huge bandwidths and can be utilized to achieve high data
rate, low latency, and high energy efficiency and cost efficiency.
Several standards have been developed at 60 GHz bands such
as [EEE 802.15.3c for wireless personal area network (WPAN)
[2], IEEE 802.11ad for wireless local area network (WLAN)
[3], and IEEE 802.11ay for next generation wireless fidelity
(WiFi) [4]. One of the main problems is the additional path
loss compared to the sub-6 GHz frequency bands. The high path
loss can be mitigated by beamforming with high gain antennas.

Various channel measurements have been conducted at
60 GHz bands in many typical indoor scenarios, such as the
office, corridor, hall, and so on [5]-[8], in order to study
the propagation channel characteristics. However, few of them
concerned about the antenna effects. Most of the 60 GHz
channel measurements were conducted with specific type of
antennas, which were located with given heights. An early work
[9] investigated the effects of antenna directivity on 60 GHz
indoor communication. An image based ray tracing model was
used to analyze the variations of the received power, RMS DS,
and K-factor. In [10], the authors conducted 60 GHz indoor
channel measurements and investigated the impact of antenna
pattern on large-scale path loss.

Actually, the response of the antenna pattern is usually
embeded in the measured channel impulse response (CIR).
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For 60 GHz indoor channel measurements, high gain horn
antennas are usually applied to achieve a high system dynamic
range. The directivity of the antenna will impact the power of
multipath components (MPCs). A high directive horn antenna
can provide high gains in a narrow beamwidth, while an omni-
directional antenna can provide coverage almost over the whole
space. If the transmitter (Tx) and receiver (Rx) antennas are
at the same height, a two dimensional (2D) distance and
only azimuth angle are enough to describe the channel. If
the antennas are at different heights, a three dimensional (3D)
distance and elevation angle may be needed.

To investigate the antenna effects, we carry out extensive 60
GHz channel measurements in a typical indoor office environ-
ment. Different antenna heights and patterns are utilized. To
estimate the angle information, uniform virtual array measure-
ment method [11] is used. The high resolution space alternating
generalized expectation-maximization (SAGE) algorithm [12]
is then applied to process the measurement data to study the
antenna effects.

The remainder of this paper is organized as follows. Sec-
tion IT describes the measurement environment and measure-
ment system setup. In Section III, the post-processing methods
are presented. Antenna effects on the 60 GHz propagation
channel characteristics are analyzed in Section IV. Finally,
conclusions are drawn in Section V.

II. MMWAVE CHANNEL MEASUREMENTS
A. Measurement Environment

The channel measurements are conducted in an indoor office
environment with room size of 7.2x7.2x3 m?, as shown in
Fig. 1(a). The layout and sizes of main objects in the office are
shown in Fig. 1(b). The walls, floor, and ceiling are made of
concrete. Parts of the floor and ceiling are made of anti-static-
electricity board. There are several windows on both sides of
the wall. More detailed descriptions about the environment can
be found in [11].

B. Measurement System Setup

Indoor channel measurements are usually conducted in
frequency domain with a vector network analyzer (VNA).
However, the measurable distance is limited due to the cable
connection. To deal with the shortage, an additional signal
generator is used. The channel sounder mainly consists of a
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Fig. 1. (a) photo of the environment and (b) layout of the environment.

Keysight E8257D signal generator and a Keysight N5227A
VNA, as shown in Fig. 2. The transmit power is 13 dBm,
the sweeping frequencies are from 59 GHz to 61 GHz with
401 points, and the intermediate filter (IF) bandwidth is set as
1 kHz. The Tx antenna is a Flann MD249-AA omni-directional
antenna [13] which is supported by a high-accuracy antenna
positioner to shift positions in X/Y/Z axes. The Tx antenna
scans in a 15x15x6 hollow cube array which is formed of six
surfaces of a cube array. The spacing step of the antenna array
is set as 2.5 mm, which is half a wavelength at 60 GHz. A
total of twelve Tx locations are selected, as shown in Fig. 1(b).
The height of Tx antenna array is set as either 1.6 m or 2 m.
The Rx antenna is an Ainfo standard gain horn antenna [14]
which is supported by a tripod at the height of 1.6 m and
aligned to X axis. The horn antenna is either a high gain narrow
half power beamwidth (HPBW) antenna or a low gain wide
HPBW antenna. For the 25 dBi horn antenna, the HPBW is
10°, while it is 55° for the 10 dBi horn antenna. Photos of
the omni-directional antenna and horn antennas are shown in
Fig. 3. The measurements are automatically controlled by a
laptop with the environment being kept quasi-static. Once the
Tx antenna moves to a predefined position in the array, the
signal generator is triggered and swept in the defined frequency
bands, and the fading signal is received by the VNA. A back-
to-back calibration is conducted before the measurement so as
to remove the responses of the measurement system and cables.

In order to investigate the antenna effects on propaga-
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Fig. 3. Photos of (a) omni-directional antenna, (b) 10 dBi horn antenna, and
(c) 25 dBi horn antenna.

TABLE I
DIFFERENT ANTENNA CONFIGURATIONS FOR 60 GHZ CHANNEL
MEASUREMENTS.

Configuration | Tx height (m) | Rx gain (dBi) | Rx HPBW (°)
Cl 1.6 25 10
2 2 25 10
C3 1.6 10 55
C4 2 10 55

tion channel characteristics, different antenna configurations
should be applied. Due to the time consuming of channel
measurements, only four channel measurement campaigns are
conducted with different antenna configurations, including the
antenna height and gain configurations, as shown in Table I.
The measurement data with different antenna configurations is
then processed to analyze the antenna effects.

IIT. MEASUREMENT DATA PROCESSING METHODS

The measured channel transfer function (CTF) at each Tx
location is a N x K matrix H(n,k),n=1,..,N;k=1,..., K,
where N = 15 x 15 x 6 is the array size, and K = 401 is the
sweeping frequency points. The CIR h(n, k) € CV*¥ can be
obtained from the measured CTF via inverse Fourier transform.
The power delay profile (PDP) is obtained as |h(n, k)|2. The
APDP is then obtained by averaging the PDPs over the Rx
hollow cube array,

N
APDP(dB) = 1010910(% > k), k=1,.., K. (1)
n=1
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The K-factor which is the power ratio between line-of-sight
(LOS) component and nonline-of-sight (NLOS) components
can also be obtained.

For VNA-based channel measurements, due to the quasi-
static nature of the environment and relatively long measure-
ment time, only a single snapshot of the channel is measured.
The maximum likelihood (ML) based SAGE algorithm is then
applied to the data post-processing to extract MPC parameters.

In the SAGE algorithm, the number of MPCs L is usually
predefined large enough to capture all the significant paths. A
good trade-off between accuracy and computational complexity
can be achieved when the number of MPCs equals 100.
The outputs of the SAGE algorithm are the parameter sets
O = [y, 7, ¢1,01],1 =1, ..., L, where ay, 71, ¢, and 6; denote
the complex amplitude, delay, azimuth angle, and elevation
angle of the Ith MPC, respectively. More details about the
implementation of the SAGE algorithm and the post-processing
methods can be found in [15].

The RMS DS can be calculated as

I 2 I 2
DS — | 21l 7 2 el ., 9
- T 2 T 2 ) : 2
21 loul 21 leul
The RMS AS is calculated as
L L
Ag— | Zrledl’ 9t Frlen v, 3
= g L 2 —( L 2 ) @)
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where 1; denotes the azimuth angle ¢; or elevation angle 6;.

IV. RESULTS AND ANALYSIS

As an example, the power-angle-delay-profiles (PADPs) for
measurements C1 and C3 at Tx3 are shown in Fig. 4. Because
different antennas are used, the PADPs show great differences,
which indicates that antenna configurations will have effects on
the propagation channel characteristics.

In this section, antenna effects on the APDP, K-factor, RMS
DS, and RMS AS will be analyzed.

A. APDP

APDPs with different antenna configurations at the twelve
Tx locations are obtained from the measurement data. For
measurements C1 and C2, as the Rx antenna is a high gain
horn antenna, its coverage range is mainly concentrated on the
main lobe direction. Thus, Tx1, Tx2, Tx5, Tx6, Tx9, and Tx10
are LOS scenarios, while the others are NLOS scenarios. For
C3 and C4, as the HPBW of the horn antenna is 55°, it can
coverage a wide range. Thus, only Tx7 is NLOS scenario, while
other Tx locations are LOS scenarios. As an example, APDPs
with different antenna configurations at Tx3, Tx5, Tx7, and
Tx12 are shown in Fig. 5.

Seen from Fig. 5(a), as Tx3 is out of the coverage range of
a 25 dBi horn antenna, the power of LOS path is lower than
reflected paths, and it is also much lower than the LOS power
received by a 10 dBi horn antenna. The power of the first-order
reflected path is also larger for a 10 dBi horn antenna than that
of a 25 dBi horn antenna.
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Fig. 4. PADPs at Tx3 for (a) measurement C1 and (b) measurement C3.

For strong LOS scenarios, such as Tx5 shown in Fig. 5(b),
by comparing C1 and C2 with C3 and C4, we can see that
a higher antenna gain can achieve larger powers for both the
LOS path and reflected paths.

As Tx7 is out of the coverage range of the 10 dBi horn
antenna, it is NLOS scenario, as shown in Fig. 5(c). Though
the LOS received power is larger for a 10 dBi horn antenna, the
reflected paths show smaller powers for a 10 dBi horn antenna
than that of a 25 dBi horn antenna.

For Tx12 shown in Fig. 5(d), it is NLOS scenario when using
25 dBi horn antenna, but it is LOS scenario for 10 dBi horn
antenna. For reflected path with delay about 36 ns, the received
power is at the same level for different Rx antennas, while the
powers of multiple reflected paths are larger for 25 dBi horn
antenna.

From Fig. 5, we can also see that antennas at the same height
can relatively receive more powers for 25 dBi horn antenna, but
the difference can almost be ignored for 10 dBi horn antenna.

B. K-factor

The antenna configuration also has effect on K-factor. Ta-
ble II shows the calculated K-factor for different antenna
configurations at the twelve Tx locations. For measurement
C1, the K-factor ranges between —29.7 dB and 19.9 dB, while
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it is in a smaller range from —22.7 dB to 13.0 dB for C2.
Tx1, Tx5, and Tx6 are strong LOS scenarios, Tx2, Tx9, and
Tx10 are weak LOS scenarios, and Tx7 and Tx8 can be
classified as strong NLOS scenarios. In general, measurements
C1 and C2 have comparable K-factors at the same Tx locations,
which means that the antenna height difference of 0.4 m has a
relatively small effect on K-factor, except the strong LOS and
strong NLOS scenarios.

For measurements using 10 dBi horn antenna, the K-factor
varies in a relatively small range at the twelve Tx locations,
except the strong LOS scenarios at Tx1, Tx5, and Tx6 loca-
tions. The K-factor also has comparable values for C3 and C4
at the same Tx locations.

Comparing C1 with C3 and C2 with C4, we can see that
the situations of Tx3, Tx4, Tx8, Tx11, and Tx12 change from
LOS scenario to NLOS scenario, which verifies that the 10 dBi
horn antenna has a better coverage range than that of the 25
dBi horn antenna.

C. RMS DS

The RMS DS for different antenna configurations is shown
in Table III. Generally speaking, NLOS scenarios have larger
RMS DS than that of LOS scenarios. As seen from Table III, for
strong LOS scenarios, the RMS DS is within 5 ns, which is very
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Fig. 5. APDPs with different antenna configurations at (a) Tx3, (b) Tx5, (c) Tx7, and (d) Tx12.

TABLE 1
K-FACTOR FOR DIFFERENT ANTENNA CONFIGURATIONS.

K-factor (dB) Cl C2 C3 C4
Tx1 12.0 13.0 8.6 11.5
Tx2 —2:1 —2:2 3.8 2.4
Tx3 —8.8 —=13.8 2.7 3.5
Tx4 —9.4 —8.5 8.8 11.1
Tx5 14.3 10.2 18.1 18.3
Tx6 199 93 18.5 14.9
Tx7 —=29.7 | =227 [ —109 | =5.5
Tx8 =269 [ —22.0 3.8 3.l
Tx9 2.2 —1.6 8.8 6.0
Tx10 —5.0 —5.3 4.4 8.5
TxI1 —14.6 —9.6 8.4 9.1
Tx12 —14.0 [ —18.1 1.4 5

low compared with NLOS scenarios. In general, Tx antenna at
2 m height has a little larger RMS DS compared with height
of 1.6 m. For Tx1, Tx5, and Tx6 locations which are always
strong LOS scenarios, the 25 dBi horn antenna can achieve
smaller RMS DS values. However, it is contrary to the other Tx
locations. As most of the other Tx locations change from NLOS
to LOS scenarios when a 10 dBi horn antenna is used instead,
the RMS DS values are smaller for 10 dBi horn antenna. Also,
by comparing the K-factor shown in Table II with the RMS
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TABLE 111
RMS DS FOR DIFFERENT ANTENNA CONFIGURATIONS.

RMS DS (ns) Cl1 C2 C3 C4
Tx1 2.5 3.4 4.6 4.8
Tx2 18.1 | 20.7 Bl 2.4
Tx3 199 | 14.1 7.7 8.9
Tx4 177 | 159 | 55 3.9
Tx5 1.7 5.1 1.5 2.7
Tx6 0.24 75 1.3 2:5
Tx7 10.8 | 14.2 7.4 10.7
Tx8 7.4 8.7 11.2 | 147
Tx9 162 | 174 | 44 3.9
Tx10 142 | 17.0 | 6.2 5.2
Tx11 15.1 12.2 8.4 9.0
Tx12 10.8 9.4 134 | 124

TABLE IV

RMS AAS AND EAS FOR DIFFERENT ANTENNA CONFIGURATIONS.

RMS AAS Cl c2 C3 Cc4
/EAS(®)
Tx1 60.8/7.0 57.1/8.9 | 68.1/12.7 71.7/11.1
Tx2 72.0/5.5 71.4/58 | 56.2/11.0 | 104.7/11.5
Tx3 61.8/4.6 61.6/4.8 60.2/9.2 58.7/1.2
Tx4 71.8/5.9 737152 39.3/9.9 30.0/10.5
Tx5 58.8/13.2 53.8/9.1 60.5/11.6 46.2/7.3
Tx6 43.1/9.3 60.2/10.3 | 48.6/11.2 42.5/1.8
Tx7 48.7/6.8 58.1/5.3 57.2/5.4 58.7/8.4
Tx8 75.5/7.4 70.5/7.1 53.6/8.1 43.0/8.3
Tx9 112.8/7.6 | 110.0/5.3 84.6/7.1 100.3/6.2
Tx10 107.1/4.7 | 104.7/5.2 | 96.9/6.5 79.4/8.7
Tx11 68.1/4.9 36.6/6.0 83.3/8.9 70.6/7.0
Tx12 93.1/4.3 78.5/6.2 99.4/9.2 105.0/8.6

DS shown in Table III, a strong negative correlation can be
found between K-factor and RMS DS. That is to say, when the
K-factor is high, the RMS DS is small, and it becomes large
when the K-factor is low.

D. RMS AS

The calculated RMS azimuth AS (AAS) and elevation AS
(EAS) are shown in Table IV. Comparing C1 with C2 and C3
with C4, similar RMS AAS and EAS values can be found at
most Tx locations when using the same Rx antenna, which
means that the antenna height difference of 0.4 m has marginal
effect on the RMS AAS and EAS.

The RMS AAS varies in a wide range between 30° and 113°
for all the measurements. However, values of the RMS EAS
are within 10° for most of the measurements. Meanwhile, no
direct influence of the antenna directivity on RMS AS is found.
The reason may be that the RMS AS is mainly influenced
by the measurement environment. Due to multiple reflections,
MPCs will arrive with angles distributed in the space. Different
antenna patterns can achieve different RMS AS values.

V. CONCLUSIONS

In this paper, we have conducted extensive channel mea-
surements at 60 GHz frequency bands in an indoor office
environment. Different antenna configurations including the

antenna height and directivity have been utilized. The mea-
surement data has been processed with the SAGE algorithm,
and antenna effects on propagation channel characteristics have
been investigated, especially the effects on the APDP, K-factor,
RMS DS, and RMS AS. The results will be valuable for the
design of 5G mmWave communication systems.
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