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Abstract— Current Wireless Local Area Network (WLAN) sys-
tems operate mainly at the 2.4 and 5.2 GHz frequency bands,
which are becoming increasingly congested and, especially for the
case of 2.4 GHz, they suffer from large amounts of interference.
In this paper, the authors investigate the potential of utilising
mm-wave frequency bands for enabling ultra—broadband WLAN
communications. At these frequencies the attenuation due to free—
space propagation and due to reflections is significantly higher
compared to lower (microwave) frequencies. As a result, the
areas of usable levels of Signal-to-Noise Ratio (SNR) are usually
restricted to Line-of-Sight (LoS) areas. In order to verify this
prediction and to evaluate the strength of the LoS signal relative
to the scattered power a measurement campaign was conducted in
a home and an office environment at 62.4 GHz. The measurement
methodology and the outcomes from this study appear in this

paper.
|. INTRODUCTION

The 60 GHz frequency band has received a significant amount
of interest as a candidate for future wireless communication
systems due to the enormous bandwidth (between 5 and 7 GHz)
that is globally available for unlicensed use [1], [2]. The main
reason behind this allocation is the high reuse factor associated
with this frequency band given the high amounts of signal
attenuation from free-space propagation, scattering and oxygen
attenuation compared with lower (microwave) frequencies [3].

The work described in this paper relates to the IST Audio-
visual STReaming plAtform for domestic Leisure and Secu-
rity (ASTRALS) project which focuses on the distribution of
audio-visual content in the home environment. This project
investigates, along with other areas, the potential performance
of future Multiple-Input Multiple-Output (MIMO) communica-
tions systems in the 60 GHz band. It is well known however
that the performance of MIMO systems relies highly on the
existence of multipath signals [4]-[6]. Therefore, an attempt
to characterise the received signal levels is made during this
measurement campaign. In detail, the Line-of-Sight (LoS) and
non-LoS signal power levels are measured and the Ricean K-
factor is evaluated for multiple locations in a home and an
indoor office environment. To gain a deeper insight on the
power levels of reflected signals at the 60 GHz frequency
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Fig. 1. Measurement system

band a number of Power Angular Profile (PAP) measurements
were also performed. The procedure followed during these
measurements, along with the resulting data are presented in
the following paragraphs.

Il. MEASUREMENT DESCRIPTION
A. Measurement system

The communications system employed in this measurement
campaign has been kindly borrowed from the University of
Glamorgan (UK) and has been used in numerous measurement
campaigns in the past [7]-[10]. The layout of the 62.4 GHz
system is presented in Fig. 1. In detail, Phase Locked Loop
(PLL) synthesisers are used in this system which have an
enhanced frequency stability (£1 kHz); this allows the use of
a narrow IF filter at the receiver. The transmitter consists of
a 20.8 GHz PLL whose signal frequency is multiplied by a
factor of three by means of a frequency multiplier, leading
to an output frequency of 62.4 GHz. This signal is fed to
a waveguide attenuator and subsequently to an appropriate
transmitting antenna.

The received signal is mixed with a 61.8GHz PLL local
oscillator obtaining a very stable IF of 600 MHz. This IF
signal is then used to evaluate the received signal strength via a
logarithmic amplifier (LogAmp). To further decrease the noise
floor of the 600MHz DAQ data logger, an IF band pass filter is
used to reduce the noise power at the LogAmp’s input which
lowers the noise floor to approximately -60 dBm.

To perform the K-factor measurements, the transmitter and
receiver modules were mounted on two turntables and a laptop
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Fig. 2. Laptop PC and control/DAQ equipment

computer was responsible for the control of the two servomo-
tors. This laptop also employed a PCMCIA NI-DAQ card with
4 channels and 100 kSamp/s sampling frequency that was used
to perform the data acquisition. The turntables were connected
to the PC’s serial port and were controlled via a dedicated
indexer with a proprietary control language. This language was
programmed into the measurement software code, allowing the
software to fully control the turn tables. All measured data
was recorded into a structured Matlab Data File, for further
processing. The PC and controlling equipment is shown in Fig.
2.

B. Ricean K-factor measurement methodology

As mentioned before, the Ricean K-factor was measured in
several locations in the two environments. This factor charac-
terises the statistical distribution of the received signal amplitude
and is a measure of the relative strength of the LoS signal
power to that of the reflected (scattered) signals. The calculation
method employed for this study was first presented in [11] where
the K—factor is evaluated from multiple observations of the
channel response h. For a vector h containing these observations
the K—factor can be calculated as follows

E [|h[]®

K (dB) = 101log 2var (D

1)
where E corresponds to the expectation value and var corre-
sponds to the variance.

C. Antenna elements

For this measurement two different types of antennas were
used; namely an omni—directional antenna and a custom-made
36 dBi directional lens horn antenna. The omni antenna has
been specifically designed to provide a vertically polarised 360°
field of view in the azimuth with the widest possible acceptance
angle in the elevation. The main characteristics of this antenna
are given in Table I.

Specified Frequency Range 59 to 64 GHz
Gain Variation Elevation 2+15dB
Gain Variation Azimuth + 1dB
Polarisation Vertical
Nominal 3 dB Beamwidth Greater than 60°

TABLE |
OMNI ANTENNA CHARACTERISTICS

Fig. 3. Transmitter and receiver in home environment

The lens horn antenna had a 3 dB-beamwidth of approx-
imately 1.5° and was used to measure the received PAP by
obtaining power samples over 360° in the azimuth plane in steps
of 10,

I1l. HOME ENVIRONMENT MEASUREMENTS

The first measurement was conducted in a small lounge area
of 4.7 x 3.5 m (Fig. 3, 4). The following paragraphs describe
the results from this measurement.

A. K-factor measurement

The K-factor was measured by rotating the receiver antenna
around the azimuth plane in intervals of 1° with a radius of
rotation of 5 cm (10 wavelengths). This radius was chosen so
as to provide uncorrelated measured data but without affecting
the path loss. As mentioned earlier, the rotation was achieved
by mounting the receiver module on a turntable controlled
from a servo-motor connected to a laptop computer. For all
measurements omni—directional antennas were also employed at
the transmitter. Each measurement was repeated three times with
the transmit antenna displaced each time by one wavelength so
that bi-directional statistical accuracy could be achieved. The
Cumulative Distribution Function (CDF) of the received signal
amplitude along with the Ricean distribution fit curves for one
of the measurement locations are shown in Fig. 5.

Using the methodology outlined above the K-factor was
calculated for each location and the results are shown in Table
I1. It is interesting to note the high values of the K-factor even
though omni antennas were employed at both ends of the link.
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a b c average
o | Location1l | 6.87 6.35 5.78 6.36
Z | Location2 | 11.06 | 13.11 | 15.14 13.10
¥ | Location 3 | 8.39 9.58 8.28 8.75
TABLE I

RICEAN K—FACTOR (DB) FOR ALL LOCATIONS
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Fig. 6. Home environment floor—plan showing received PAPs after the log—amp
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Fig. 7. Received PAP after the log—amp (location 1)

B. PAP measurements

The second type of measurements involved the lens horn
directional antenna at the receiver and an omni antenna at the
transmitter. By rotating the directional antenna by 360° in 1°
steps in the azimuth plane it was possible to identify the strength
of the LoS signal and individual reflected signals. The PAPs
for two locations in the home environment are shown in Fig.
6 and Figs. 7-8. These demonstrate the significant difference
between the power of the LoS and the reflected components.
In detail, differences of = 15 dB were observed between
the LoS signal and the strongest (first—order) reflections. This
observation corresponds to the maximum expected K-factor and
therefore agrees with the K-factor measurement.
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Fig. 9. Office environment floor-plan showing Tx/Rx locations

1V. OFFICE ENVIRONMENT MEASUREMENTS

The following measurement was conducted in an office
environment. The results of this measurement are shown in the
following paragraphs.

A. K-factor measurement

The same measurement equipment and methodology as in
Section I11-A were adopted for this measurement. Five locations
were chosen for this investigation (shown in Fig. 9). The
transmitter was placed on top of a cabinet at a height of 2.24 m,
whereas the receiver was placed at desk—level at a height of
1.21 m (Fig. 10).

The numeric results from the above study in terms of the
Ricean K—factor are presented in Table I1I.

Very high values of K—factor were again observed in this
environment in the range of 8.34 to 12.04 dB.

receiver
(omni)

Fig. 10. Transmitter and receiver in office environment

a b c average
Location 1 | 11.37 | 10.24 | 10.66 10.76
o | Location2 | 12.04 | 9.95 | 11.75 11.25
S | Location 3 | 8.82 9.43 8.34 8.86
v | Location4 | 9.16 8.93 8.80 8.96
Location 5 | 10.58 | 11.32 | 11.27 11.06
TABLE Il

RICEAN K—FACTOR FOR ALL LOCATIONS (DB)

B. PAP measurement

A PAP measurement was also conducted in the office environ-
ment for the locations shown in Fig. 11. The results are shown
in more detail in Fig. 12 and Fig. 13. These results demonstrate
once more the significant difference in the powers of the LoS
and reflected components at 60 GHz. In detail, differences of
around 13 dB were observed between the LoS signal and the
strongest reflection at a T-R distance of 5 m. For an increased
T-R distance however (10 m) a difference of only 8 dB was
observed. Again, these observations are coherent with the K-
factor measurements for this environment.

V. CONCLUSION AND FUTURE WORK

This paper presented the procedure and results of measure-
ment campaigns conducted in a home and an office environment
at 62.4 GHz. The Ricean K—factor was measured in a number of
propagation environments. The measurements were performed
using omni—directional antenna elements which are usually
associated with low K-factors due to their ability to receive
signals from a large range of directions. The outcome of this
measurement has shown however that high K—factors can be
achieved even with these antennas at 60 GHz in LoS conditions.
In detail, K-factors between 6.35 dB and 15.1 dB where
observed with a mean of 9.89 dB. Using PAP measurements it
was possible to attribute the large K—factors to the high losses
associated with the reflections on scattering objects, which in
turn have reduced the strength of the received scattered signal.
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Fig. 12. Received PAP after the log-amp (T-R distance = 5m)

As far as the potential performance of MIMO systems in that
frequency band is concerned, it can be concluded that since
the LoS signal is high, low capacities are expected to occur.
Future work in this area will involve the investigation of the
applicability of previously developed LoS-optimised antenna
arrays [12] as a solution to this potential problem.

VI. ACKNOWLEDGMENT

The authors would like to thank Prof. M. Al-Nuaimi, Dr. J.
Richter and Mr. T. R. Fernandes from the University of Glamor-
gan, U.K. for their invaluable help throughout this measurement
campaign. This work was partly performed under the IST FP-
6 ASTRALS project for Mitsubishi Electric ITE-VIL and the
University of Bristol, U.K.

[1]

[2]
[3]

[4]

[5]

(6]
[7]

(8]

[9]

[10]

[11]

[12]

[13]

-10}F 4

201 : 4

Received power after Log—amp (dBm)

60 i i
0

i i i i i
135 180 225 270 315
Angle (degrees)

45 90 360

Fig. 13. Received PAP after the log—amp (T-R distance = 10m)

REFERENCES

E. R. Committee, “The european table of frequency allocations and
utilisations covering the frequency range 9 khz to 275 ghz,” tech. rep.,
European Conference of Postal and Telecommunications Administrations,
http:// www.ero.dk/ doc98/ official/ pdf/ Rep025.pdf, 2004.

“Report 95-499,” tech. rep., Federal Communications Commission, 1995.
H. R. M. Fiacco, M. Parks and S. R. Saunders, “Indoor propagation factors
at 17 and 60ghz,” tech. rep., Performed by the Centre for Communication
Systems Research on behalf of the Radiocommunications Agency, 1998.
G.J. Foschini and M.J. Gans, “On limits of wireless communications in
a fading environment when using multiple antennas,” Wireless Personal
Communications, vol. 6, pp. 311-335, 1998.

L. Cottatellucci and M. Debbah, “The effect of line of sight on the
asymptotic capacity of mimo systems,” in Information Theory, 2004. ISIT
2004. Proceedings. International Symposium on, p. 242, 2004.

C. Williams, “Antenna array technology and mimo systems,” tech. rep.,
Deliverable to OFCOM, 2004.

T. Fernandes, R. Caldeirinha, J. Richter, and M. Al-Nuaimi, “A discrete
model for radiowave scattering in vegetation screens at millimetric wave
frequencies,” in Personal, Indoor and Mobile Radio Communications,
2004. PIMRC 2004. 15th IEEE International Symposium on, vol. 3,
pp. 1844-1849 \ol.3, 2004. TY - CONF.

M. Al-Nuaimi and A. Siamarou, “Coherence bandwidth characterisa-
tion and estimation for indoor rician multipath wireless channels using
measurements at 62.4ghz,” Microwaves, Antennas and Propagation, IEE
Proceedings -, vol. 149, no. 3, pp. 181-187, 2002.

A. Siamarou and M. Al-Nuaimi, “Wideband propagation measurements
for future millimetre 60 ghz wireless lans,” Electronics Letters, vol. 38,
no. 16, pp. 918-920, 2002.

A. Siamarou and M. Al-Nuaimi, “Multipath delay spread and signal level
measurements for indoor wireless radio channels at 62.4 ghz,” in Vehicular
Technology Conference, 2001. VTC 2001 Spring. IEEE VTS 53rd, vol. 1,
pp. 454-458 vol.1, 2001.

C. Tepedelenlioglu, A. Abdi, and G. Giannakis, “The ricean k factor:
estimation and performance analysis,” Wireless Communications, IEEE
Transactions on, vol. 2, no. 4, pp. 799-810, 2003.

I. Sarris and A. Nix, “Design and performance assessment of maximum
capacity mimo architectures in line-of-sight,” IEE Proceedings in Com-
munications, vol. 153, no. 4, Aug 2006.

I. Sarris and A. Nix, “Design and performance assessment of high
capacity mimo architectures in the presence of a line-of-sight signal,” IEEE
Transactions on Vehicular Technology, to appear, Sep 2007.



