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Abstract: The results of a wideband radio channel sounding campaign performed at 40 GHz band are presented. We have used a
sounder based on the correlation of pseudorandom m-sequences, but some novelties have been introduced in the classical scheme
of this kind of sounders. Different antenna patterns and polarisations have been combined with three groups of actual
environments (indoor, outdoor and indoor—outdoor) in order to achieve general conclusions, valid for a wide range of
different situations. An expression relating two of the main parameters of the wideband radio channel (coherence bandwidth
and delay spread) is fitted to the measured results. The experimental data as well as this expression verify Fleury’s limit, a
restriction that has been extended here to define a complete region of valid values. Finally, a theoretical analysis of the
channel capacity is conducted. We have stated the theoretical improvement that the channel capacity would experience owing
to the use of spatial diversity or multicarrier modulations. The outcomes provide a timely insight into the expectations for the

use of high data rate applications in this frequency band even in indoor conditions.

1 Introduction

Broadcast services with enhanced capabilities constitute the
next generation of wireless broadband multimedia services.
The millimetre wavelength band appears to be the best
choice for these communication systems because of the high
data rates offered and the amount of available frequency
space. In the 1990s, there was growing interest in developing
a new generation of fixed broadband services and the
consequent deliberations about the spectrum frequency
allocation and implementation issues resulted in a number of
technical reports and projects [1-3], expertise work groups
and research papers [4, 5]. The final phase of this extensive
research activity was a set of standardisation documents and
technical recommendations [6, 7] that recognise the potential
that could be derived from the use of millimetre frequency
bands to provide broadband telecommunication services.

Fixed systems for point-to-multipoint (P-MP) radio access
constitute a fast and flexible mean compared to cable-based
solutions, of offering a range of broadband digital services,
especially over the last mile. In Europe the 40 and 60 GHz
bands have been allocated to these broadband radio access
systems. In our work, we have paid special interest to the
performance characteristics of the multimedia wireless
system (MWS) that will allow the deployment of fixed
broadband wireless access to provide P-MP broadband
digital services up to 155 Mbps [6—9].

The MWS system operating on the 40 GHz band offers a
bandwidth of up to 4 GHz with the possibility of frequency
reuse by means of dual polarisation. Operators will require
local licences that will provide around 500 MHz of
spectrum each.
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Notwithstanding the possibilities offered by this band, it is
not extensively used in Europe. Firstly, only a few examples
of practical systems implemented in the 40 GHz band can be
found, and the literature related to wideband characterisation
in this band is scarce and incomplete. The initial interest in
this promising band disappeared and was sidelined by the
emerging wireless communications networks operating at
2.4/5.8 and at 60 GHz, mainly due to their unlicenced
feature. Another cause of this lack of knowledge can be
found in a radiofrequency electronics industry not so far
and wide developed to allow low cost production that is
readily available for lower frequencies including 28 GHz
(Local Multipoint Distribution Service, LMDS).

In recent years, however, new technologies, such as the
application of MIMO or diversity techniques have appeared
that can increase dramatically the capacity, as we will
demonstrate theoretically. The use of orthogonal frequency
division multiplexing (OFDM) modulation, which has not
been widely considered before in most of the references, is
also contemplated here.

The objective of the measurements presented in this paper
is to demonstrate the theoretical channel capacity of the
40 GHz band estimated from actual wideband radio channel
parameters. A precise knowledge of multipath behaviour is
a basic step to measure the degradation of the quality of
service suffered by large bandwidth systems in this band. A
measurement system based on the swept-time delay cross
correlation (STDCC) scheme was implemented to achieve
this purpose.

The propagation of signals in the 40 GHz band is
influenced by the scenario where it takes place. Phenomena
such as multipath, reflection, diffraction and scattering are
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highly site specific [10]. The millimetre wave radio channel
characteristics also depend on the pattern and polarisation
of the antennas used. As a result, different environments
have been chosen, as well as different antenna patterns and
polarisations in order to obtain general conclusions valid for
a wide range of different situations.

The main channel parameters, namely delay spread 7,s and
coherence bandwidth (CB), are related theoretically by an
inverse dependence [11]. However, an exact and generalised
expression involving 7,5 and CB does not exist, and must be
derived from signal analysis applied to actual measurements
carried out in particular channels and frequency bands.

Several approaches have been described for this relation in
the literature [12—14], but many of them do not meet the
restriction known as Fleury’s limit [15]. It consists of a
restriction to be satisfied by the values of RMS delay
spread and CB. This simple bound is valid to assess
whether these values have not been correctly measured.

In Section 2, we describe the hardware system used for the
measurements. The selected environments are also discussed in
this section. Experimental results are presented and discussed
in Section 3. We propose an expression for an approximate
relation between delay spread and CB in Section 4. The
expression will take into account factors as polarisation,
scenario (indoor, outdoor, indoor—outdoor) and correlation
level. In Section 5, we offer a theoretical estimation of the
channel capacity taking into account the measured parameters.

2 Measurement setup

In this section we describe the radio channel sounder
implemented to drive the measurement experiments. The
selected environments are also introduced.

2.1 Measurement system and procedure

An STDCC sounder was built [16]. This type of sounder
transmits a PRBS sequence with a chip rate of 12.5 ns and

BPSK
Modulator

length M =2"—1 bits. The power delivered to the
transmitter antenna was +25 dBm. The spatial resolution of
the sounder is 3.75 m, with a maximum discernible delay
equal to 102.39 ps. This sounder is based on the sliding
correlation technique. However, we have introduced
changes to the classical configuration given in [16] to
improve the performance of the sounder. The main novelty
is the suppression of the sliding factor, by clocking
transmitter and receiver PN sequences to the same rate.
Another important change is the implementation of the
receiver based on two down conversions to intermediate
frequencies. The final down conversion to complex
baseband is achieved by a digital off-line process. The
block diagram of the sounder is shown in Fig. 1.

The measurement system was completed with a 2.4 m-long
linear positioning system. It is provided with a step-by-step
motor controlled from a computer embedded in the digital
oscilloscope. The receiver antenna is moved horizontally, in
M8 increments, along 400 positions.

2.2 Measurement environments

Different scenarios have been chosen to obtain results for a
variety of multipath situations. They can all be grouped in
three types that are listed and described below:

1. Outdoor—outdoor environments: Here, the MWS/MVDS
are deployed in outdoor scenarios under line-of-sight (LOS)
conditions. This group of environments comprises three
outdoor scenarios. The receiver stays always at the same
position but the orientation can be modified. Three wide
terraces located at three different buildings within our
university’s campus were selected to place the transmitter.
The terraces are similar, with concrete floors and walls. The
separation distances between transmitter and receiver were
about 15, 79 and 141 m. The chosen transmitter and
receiver locations provide LOS links, except for the
medium-distance case where vegetation in the form of a
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mass of trees with medium height and foliage can be found
between both ends of the sounder. For this link, the first
Fresnel ellipsoid remains unobstructed. A plan of the area
in which outdoor measurements were taken is shown in
Fig. 2, indicating terrace locations as well as transmitter and
receiver placements.

2. Indoor—indoor environments: The objective here is to
study the propagation inside buildings as a possible new
scenario for MWS/MVDS applications. This group of
environments comprises two indoor scenarios: a rectangular
classroom and a conference room. For the first scenario, the
walls are made of brick and there are windows along three
side walls. The only furniture is several rows of wooden
desks. For the second scenario, the walls are completely
covered with cork except for two wooden doors. The
furniture consists of several rows of stalls. In both
scenarios, the distance between transmitter and receiver was
13.5m and the antenna height was 1.52 m. The antenna
heights and positions provide a LOS link with no
obstructions in the first Fresnel zone.

3. Outdoor—indoor  environments: The multipath
propagation phenomenon makes the transmission possible
even if there is no direct path between the transmitter and
receiver [9, 17, 18]. In order to analyse this worst case, a
scenario was chosen to study non-line of sight (NLOS)
propagation from an outdoor location to an indoor room.
This environment comprises only one scenario. The
transmitter was placed on an outdoor terrace and the
receiver in the adjacent laboratory. Between both ends of
the sounder, the main obstacles were a concrete wall with
mortar, and a glass door with a metallic frame. The distance
between transmitter and receiver was 11.6 m. The height of
the transmitter and receiver antennas was 1.52 m.

2.3 Measurement configurations

The combination of antennas chosen for the transmitter and
receiver ends defines two configurations, one directive and
another omnidirectional. The directive variant includes the
option of two polarisations, so that the transmission was
performed in the vertical and horizontal polarisations, with
reception in the same polarisation. This also occurs with the
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Fig. 2 Plan of the area for outdoor measurements
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omnidirectional variant. Directive antennas consisted of
20 dBi gain standard pyramidal horns with a beamwidth of
20°. The omnidirectional antenna used presents a gain
lower than 2 dBi with an omnidirectional pattern for
vertical polarisation and a directive pattern with a 60°
beamwidth for horizontal polarisation.

According to the link budget, for a directive configuration,
the maximum allowed separation distance to surpass the
sensitivity of the sounder is about 1938 m in the vertical
polarisation case and 1727 m for horizontal polarisation.
When the omnidirectional pattern is used, the maximum
distance decreases considerably up to 194 m, for both
polarisations. Otherwise, these maximum distances are
larger than those used in the links of the measurement
campaign presented here.

3 Experimental results

Once measurement data are obtained, they are processed to
estimate the main channel functions, such as the impulse
response, A(¢, 7), the averaged power delay profile, P,(7)
o < |h(7)]*> and the frequency correlation function, Ry( /)
[11, 19]. We assumed an ergodic behaviour of the channel.
The results are shown in the form of time and frequency
channel parameters. These parameters are the delay spread
or rms delay, 7., and the CB.

3.1 Channel parameters

The values of delay spread and CB for each environment
resulting from the measurements are summarised in
Tables 1-4. From the results achieved for indoor
environments we conclude that 7., depends slightly on
room dimensions: larger dimensions provide higher 7,
values. It tends to increase with increasing reflectivity of the
walls; besides, it also depends on antenna directivity and
polarisation.

Values obtained for the delay spread in indoor environments
are in the range [21.9, 24.2] ns. These results agree with those
presented in [20], where delay spread ranges from 10 to 60 ns
are reported for indoor environments at 42.58 GHz when
directional antennas are used. They also agree with [21],
where delay spreads in the range 20—75ns have been
found at 40 GHz, using a combination of directive and
omnidirectional antennas for indoor scenarios also.

In addition, delay spreads in the range 6.1-23.8 ns were
reported in [22], where indoor wideband measurements
were performed at 37.2 GHz with a combination of
directive and omnidirectional antennas.

As might be expected, results show larger delay spread
values when the omnidirectional antenna is connected to
the receiver than when the directional one is used. This is
owing to a large number of multipath components reaching

Table 1 Parameters for CB fitting curve
Environment Indoor
Conference Classroom

Antenna Horn Omni Horn Omni

Trmeans NS 17.3 18 17.9 19

Trmss NS 21.9 23.6 22.7 24.2

CBo.9, MHz 8 4.1 4.6 4.2

CBg.s, MHz 59.8 11.6 12.4 115
639
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Table 2 Measured mean delay, delay spread and CB values for
indoor environments

Environment Outdoor

Link 1 Link 2 Link 3
Antenna Horn Omni Horn Horn
Horizontal polarisation
Tmean, NS 4.4 4.3 3.9 4
Trmss NS 6.7 6.3 5.3 5.5
CBo.o, MHz 16.0 16.5 19.8 19.1
CBo.s, MHz 62.9 65.4 66.2 63.6
Vertical polarisation
Tmeans NS 4.9 4.3 3.8 4
Trmss NS 7.7 6.6 5.2 5.6
CBo.9, MHz 13.4 16.3 20.1 18.6
CBo.5, MHz 60.2 67.2 67.7 63.7

Table 3 Measured mean delay, delay spread and CB values for
outdoor environments

Environment Outdoor-indoor

Antenna Horn Omni
Horizontal polarisation

Tmean: NS 15.4 22.2
Trmss NS 23.5 335
CBgo, MHz 35 2.3
CBo.5, MHz 18.7 14.9
Vertical polarisation

Tmeans NS 22.7 28
Trms, NS 33.3 41.6
CBolg, MHz 2.3 1.7
CBo.5, MHz 8.8 6.4

the receiver with longer delays. The CB values estimated for
the indoor cases are not negligible, being in the range [11.5,
59.8] MHz.

From results obtained for the outdoor environments we
conclude that, in general, the delay spread decreases. Outdoor
scenarios do not normally represent a severe multipath
situation: no major reflection sources or obstructions appear in
the environment if LOS conditions have been targeted.

If the transmitter and receiver antennas are aligned and a
strong LOS component is present, we observe that an
increment in the separation distance between transmitter and
receiver yields lower values of the delay spread, 7,s. This
trend varies if the link is partially obstructed, as in the case
of the medium-distance link. Also, 7., confirms a
straightforward dependency on antenna directivity and
polarisation.

The delay spread values for the outdoor scenarios were
smaller than for the indoor case, within the range [5.2,
7.7] ns. These results agree with those presented in [23].
There, a delay spread range from 3.9 to 5.9 ns is reported
for outdoor environments at 38 GHz, when directional
antennas are used with a beamwidth of 3°. The CB values
reach the largest values in the outdoor environments: [60.2,
67.7] MHz. The case of the NLOS link shows the highest
delay spread wvalues: [23.5, 41.6]ns. Owing to the
obstruction, this scenario also shows the lowest values for
CB: [1.7, 3.5] MHz.

For the case of outdoor—indoor environment, we detect
that the delay spread tends to increase because of the
blocking situation. In this NLOS case multipath
contributions turn into the main propagation mechanisms
that preserve the link. We also observe that the delay spread
depends on antenna directivity and polarisation.

4 Relation for CB and delay spread

The theoretical value for the CB is established in [11] as the
inverse of the delay spread according to (1)

cB= (1)
T,

ms

However, the site-specific feature of the millimetre frequency
characterisation leads us to assume that this expression will
hardly be achieved under actual conditions. From the results
presented in the previous section, we conclude that a
relation between RMS delay spread 7,3 and CB should be
a function of the correlation threshold c¢. Based on this, an
expression has been evaluated following a fitting procedure
for the different scenarios and polarisations. The resulting
curves follow the general expression (2)

a, - arccos (c)
CB=-'_—"—"— 2
(277' 7-rms) ( )
where ¢ is the correlation level and verifies ¢ € [0, 1]. The
values of the parameter (), resulting from fitting (2) to the
measurement results in the different cases, are given in
Table 5. The 7,,-CB curves corresponding to each case of
scenario and polarisation have been plotted in Figs. 3—5.
The CB values should meet Fleury’s limit as described in
[15]. The expression for this limit is (3)

CB > arccos (c)

N (277 : 7-rms)

3)

This condition is applicable both to the 7,,;-CB pairs from
Tables 1-3 and also to the 7,,s-CB curves given in (2). In

Table 4 Measured mean delay, delay spread and CB values for outdoor—indoor environments

Modulations QPSK 64-QAM OFDM 64-QAM

Parameters CB, MHz Ry, Mbps Ry, Mbps Ry, Mbps N carriers
indoor CBog [4.1, 8] [7.1,13.9] [21.4, 41.7] [24, 48] [8, 16]

CBy5[11.5, 59.8] [20, 104] [60, 312] [69, 360] [23, 120]
outdoor CBog [13.4, 20.1] [23.3, 35] [70, 104.9] [81, 120] [27, 40]

CBy5[60.2, 67.7] [104.7, 117.7] [314, 353] [360, 405] [120, 135]
outdoor-indoor CByg [1.7, 3.5] [3, 6] [8.8, 18.2] [9, 21] [3, 7]

CBos 6.4, 18.7] [11, 32.5] [33.4, 97.5] [39, 111] [13, 37]
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Table 5 Ranges of bit rate estimated according Section 5

Environments

Polarisations

an
c=0.9 c=05
indoor vertical 1423.45 1672.06
outdoor vertical 1474.66 2361.52
horizontal 1472.65 2276.23
outdoor-indoor vertical 1059.91 1698.34
horizontal 1132.61 2759.80
80r [
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Fig. 3 CB against delay spread for the indoor case
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Fig. 4 CB against delay spread for the outdoor case

Figs. 3—5, the theoretical limit (3) has been represented for
0.5 and 0.9 correlation levels, jointly with the measured
delay spread and CB values, and derived relations given by
(2). As it can be seen, the results for measured CB values
verify the theoretical limit given in (3). It is also noticed
that all the achieved expressions (2) satisfy this restriction.

The relation given in (3) represents a lower limit for the CB
values that can be obtained for a radio channel. We can also
define an upper limit for the measured CB value. Taking into
account (3), the maximum limit occurs when 7.,,; tends to
zero, and so CB tends to infinity. Nevertheless, for a given
channel, we cannot achieve an infinite value in the CB
estimation. It is obviously limited to the chip rate reverse,
1/T,, also called measurement bandwidth: CB < 1/T.
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Fig.5 CB against delay spread for the indoor—outdoor case

The delay spread also presents natural limits that are given
by the zero delay, representing the absence of multipath, and
the maximum delay measurable by the system or 7,,,x, Which
equals the expression M - T, and depends on the sounder code
length M and chip period 7¢: 0 < 7 < M - T..

Hence, taking into account the set of these limits, for 7
and for CB, we can define a region of validity for the
estimation of these two-channel parameters. This region is
defined according to (4) and plotted in Fig. 6

arccos (¢)

1
Qm7 )ECBET’ O0<7.,,<M-T,
ms C

“)
All plots of Figs. 3—5 fall in the validity region defined in (4).
We can also derive the minimum measurable value for CB
that will take place when ., reaches the maximum
discernible delay, 7., as given in (5)

arccos (c)

B, =7
¢ Qm-M-T,)

min

®)

5 Analysis of the channel capacity

The estimated CBs values are important to study the
applications that can be implemented in the 40 GHz
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Fig. 6 Validity region for CB and delay spread values
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frequency band. Typical modulations used in radio links to
implement audio and data services are QPSK or 64-QAM,
but video streaming applications or wireless internet
demand multicarrier modulations such as OFDM 64-QAM.
The theoretical BW necessary to transmit an uncoded
QPSK or QAM signal is given by (6)

log, M
b= (I+a : BWQPSK/QAM (6)

where BWgpsk/oam is the bandwidth necessary for
transmitting a QPSK- or QAM-modulated signal; M is the
number of symbols; and « is the roll-off factor (usually 15%).

If the variable BWqpsk/oam in (5) is substituted by the
CBy.o/0.5, the result is the binary rate that is possible to
achieve while maintaining stable amplitude and phase
modulation. In Table 4, we have summarised the maximum
bit rates available for the above modulations. Calculations
are based on (5) and the range values for CBg g/95 given in
Tables 1-4.

Bit rate values are larger for outdoor environments, with
64-QAM modulation and a correlation level of 0.5. In
general, predicted bit rates are high, which should allow
many broadband applications. Room-to-room
videoconferencing needs a data rate between 64K bps and
2048 Mbps, and 36 Mbit/s is approximately the capacity
needed for a DVB-S transport stream.

The SAMBA project from the EU ACTS programme [4, 5],
obtained data rates of 41 Mbps using the OQPSK modulation,
over a cell radius between 6 and 200 m at 40 GHz band. The
MBS project [1] presented expectations of data rates up to
155 Mbps, at 40 and 60 GHz, for indoor and outdoor
environments. In order to support a data rate of 155 Mbps,
the required BW should be 155/4 = 38.75 MHz for the
QPSK modulation case, and 2.42 MHz for 64-QAM. Those
values are compatible with the CBs obtained in our
measurements as indicated in Tables 1—4.

For the analysis of the 64-QAM OFDM case we have
followed expressions (7 and 8)

Ry, orpm = N - Ry 4 _qam (7
N = CByy,5/Af ®)

Firstly we estimated the number of carriers N as the ratio
given by a frequency slot equal to CBgg/ s and a carrier
separation Af= 0.5 MHz. Then, the R, for the OFDM
results from multiplying the number of carriers N and the
(gross) bit rate obtained for a single 64-QAM with a
channel BW of Af, that is 3 Mbps from (5) and @ = 0. In
Table 4, the last column shows the values obtained for the
64-QAM OFDM case. The capacity has increased
dramatically even for the outdoor—indoor case (NLOS).

We can predict the theoretical effect of the use of spatial
diversity on the bit rate taking into account the results
obtained in [24]. If an improvement of 5 dB is achieved for
the fading, then it can be considered that the signal-to-noise
ratio (SNR) increases by 5 dB, and consequently the bit
rate R, will achieve larger values. According to Shannon’s
expression for the channel capacity
C = R, = BW:logy(1 + SNR), it is demonstrated that an
upgrading factor AC given by (9) can be obtained if a
spatial diversity system is used at the receiver end together
with a maximal ratio combining (MRC) or equal gain
combining (EGC) scheme for the same bandwidth BW and
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with diversity gain DG

AC — Csnripg _ logyr(1+ SNR + DG)

= = 9

Csnr log,(1 4+ SNR) ©)
DG 1

ACx~ e 10

¢ DG+ 1 SNR (19)

where the SNR must be strictly positive. We have derived an
approximation (10) for the theoretical expression of AC (9),
as a function of the DG and SNR according to a fitting
curve that follows the equation a-x” + c. In Fig. 7, we plot
both expressions (9) and (10) for DG = 5 and SNR in the
range [1, 50] dB. Note that AC tends to infinity if the SNR
tends to zero, and it will tend to +1 for SNR values larger
than 425 dB. The improvement experienced by the channel
capacity for a SNR of +1 dB and DG = 5 would be 2.8.

6 Conclusions

We have presented a measurement campaign carried out to
obtain wideband characterisation of the radio channel for
the 40 GHz band. We have discussed the influence of
environment, antenna pattern and polarisation on the
channel parameters. Results obtained from the
measurements augur well for the use of the 40 GHz band
for broadband services with high bit rates.

The relation between CB and delay spread shows to be
dependent on the measurement scenario and antenna
polarisation. The measured values and derived 7,:-CB
relations have been found verify the theoretical restriction
given in [15]. They are also included in the validity region
defined as an extension of this boundary.

We have demonstrated theoretically hat further but simple
improvements can be applied to increase channel capacities,
such as spatial diversity and the use of multicarrier
modulations (OFDM), but many other techniques, could also
be considered such as coding, MIMO technologies and so on.
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