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Abstract—This paper empirically investigates the performance
of distributed antenna systems (DAS) based on switched diversity
combining for indoor user equipment (UE) to access point
(AP) communications at 60 GHz. Among the candidate pool
of switched diversity combining techniques, the pure selection
combining (PSC), switch-and-examine combining (SEC) and SEC
with post-examining selection (SECps) schemes are utilized to
combine the received composite fading signals. Unlike the PSC
scheme, the performance and complexity of the SEC and SECps
schemes vary according to the switching threshold that is used,
highlighting the importance of the selection of an appropriate
switching threshold level. Also in this study, diversity specific
equations are developed under the assumption of independent
and identically distributed ' composite fading channels. These
are then utilized to model the composite fading behavior ob-
served at the output of each of the combiners. Over all of the
measurement scenarios considered in this study, it is found that
the theoretical models provided an adequate fit to the composite
fading observed at the output of each of the combiners.

Index Terms—Channel measurement, F' composite fading,
millimeter-wave, switched diversity.

I. INTRODUCTION

Millimeter-wave (mmWave) frequency bands will play an
increasingly important role in wireless networks, driven in
part to satisfy the demand for higher data rates [1]. Within
the mmWave frequency bands, the unlicensed 60 GHz band
is particularly attractive as it contains approximately 7 GHz
of spectrum worldwide, providing the potential to develop
wireless communication systems with multi-gigabit through-
put. In this respect, the 60 GHz band has been proposed as
a promising candidate for multi-gigabit short range indoor
wireless communications [2], which are an important part of
the next generation wireless local area networks (WLANSs) and
wireless personal area networks (WPANSs).

For short range mmWave communications, the availability
of a line-of-sight (LOS) link between the user equipment
(UE) and access point (AP), or equivalently evolved NodeB
in the case of cellular communications systems, is not always
guaranteed. This is mainly due to the high susceptibility
of mmWave links to the shadowing (or equivalently signal
blockage) caused by different obstacles which may be present
in the local environment [3], [4]. In particular, for UE usage
cases where wireless devices are operated in close proximity
to the user’s body while the user is mobile, shadowing effects
can be prevalent [3]. These effects can significantly impact

the performance of mmWave wireless systems by introducing
deep and often prolonged shadowed fading events.

One possible method to lessen the intensity of these shad-
owed fading events is to utilize macro diversity by deploying
multiple base stations (or equivalently APs as used in this
study). Two different categories of combining are typically
employed to combine the signals received at multiple spatially
separated base stations, namely switched combining and gain
combining [5]. In the former grouping, the receiver selects one
of the available diversity paths according to a corresponding
criterion. On the other hand, in the latter grouping, the
output of combiner is formed as a linear combination of
the signals received by all of the diversity paths. In general,
gain combining provides a better performance compared to
switched combining. Nevertheless, switched combining has
remained popular due to its relatively low complexity and ease
of implementation.

Therefore, in this study, we examine the possible signal
reliability improvement for indoor UE-to-AP communications
channels operating at 60 GHz using distributed antenna sys-
tems (DAS) in conjunction with three different switched com-
bining techniques, namely pure selection combining (PSC),
switch-and-examine combining (SEC), and SEC with post-
examining selection (SECps) schemes. Notably, we perform
an important empirical investigation of the achievable diversity
gain (performance) and number of path examinations (com-
plexity) for the PSC, SEC and SECps schemes. Following
from this, we statistically characterize the composite fading
behavior observed at the output of each switched diversity
combiners, i.e., from the perspective of the combiner output,
using the diversity specific equations which were developed
under the assumption of independent and identically dis-
tributed (i.i.d.) F' composite fading channels.

The remainder of the paper is organized as follows. In
Section II, we briefly review the characteristics of the F'
composite fading model before introducing theoretical equa-
tions for the probability density functions (PDFs) of L-branch
PSC, L-branch SEC and L-branch SECps operating in i.i.d.
F' composite fading channels. In Section III, the experimental
setup and measurement procedure are described. In Section IV,
diversity gain and the number of path examinations for the
considered diversity combiners are presented in conjunction
with some examples of the model fitting. Finally, we conclude
this study with some closing remarks in Section V.
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II. SPATIAL DIVERSITY SYSTEMS OPERATING IN
F CoMPOSITE FADING CHANNELS

A. F Composite Fading Model

There have been a number of different models used to de-
scribe the statistical behavior of composite fading experienced
in mobile radio propagation channels [6-8]. Among them,
the F' composite fading model has recently received much
attention as it provides as good and in most cases better fit
to real-world composite fading channels compared to other
models proposed in the literature [8]. Moreover, the key sta-
tistical metrics and performance measures of the /' composite
fading model show low complexity. The corresponding PDF
and cumulative distribution function (CDF) of the received
signal envelope in an F' fading channel can be expressed as
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where B(-,-) and 2Fi(-,-;+;-) denote the beta function [9,

eq. (8.384.1)] and the Gauss hypergeometric function [9, eq.
(9.111)], respectively. In this model, m and mg represent
the fading and shadowing severity parameters, respectively.
Moreover, 2 = E[r?] is the mean signal power with E[/]
denoting the statistical expectation.

B. L-branch PSC over F' Composite Fading Channels

In a PSC scheme, the combiner monitors the input sig-
nal level of all the diversity paths simultaneously and se-
lects the branch with the highest signal level, i.e., rpsc =
max {ry, ra,...,r} where ry, is the signal observed at the
L™ branch of the diversity receiver. For L-branch PSC system
in which the input envelope is i.i.d. at each of the L branches,
the PDF of the output envelope can be obtained as [10]

fR2€(r) = L [Fr ()] "' fr (r). 3)

To obtain the PDF of the output envelope of an L-branch PSC
system operating i.i.d. F' composite fading channels, we can
simply substitute (1) and (2) into (3). After some algebraic
manipulations, we arrive at the expression given in (4) at the
top of the next page.

C. L-Branch SEC over F' Composite Fading Channels

With an SEC scheme, the receiver switches to an alternative
branch and examines its input signal level. If it is not above the
predetermined threshold, the receiver switches to an alternative
branch and examines the input signal level again. This process
continues until the receiver either finds an acceptable branch
or determines that no acceptable branch is available. In the
latter case, the receiver usually selects the last branch that
was examined. For an SEC scheme, when the input signal
level of the current branch falls below the switching threshold,

path switching between branches always happens regardless of
whether the input signal level of another branch is above or
below that of the current branch. In fact, in the latter case,
path switching can degrade the system performance.

For an L-branch SEC system in which the input envelope is
i.i.d. at each of the L branches, the PDF of the output envelope,
R, can be expressed as [11]

re Fr (rT)LflfR (r), r<rp
=N B o) ), ez O
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where rp is the predetermined switching threshold. Similarly,
the PDF of the output envelope of an L-branch SEC combiner
operating in an F' fading environment can be obtained by
substituting (1) and (2) into (5) and performing some algebraic
manipulations to yield (6) as shown at the top of the next page.

D. L-Branch SECps over F' Composite Fading Channels

A receiver employing an SECps scheme works in exactly
the same manner as an SEC scheme when an acceptable
branch is available. However, when there is no acceptable
branch available, the receiver selects the branch with the
highest signal level (in the same manner as a PSC scheme)
instead of the previously examined one. Consequently, for an
L-branch SECps system in which the input envelope is i.i.d.
at each of the L branches, the PDF of the output envelope, R,
can be expressed with the aid of (3) and (5), such that [11]

L[Fg(r))F ! r)y, r<r
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i=0
Again, the PDF of the output envelope of an L-branch SECps
combiner operating in an F' composite fading environment
can be obtained by substituting (1) and (2) into (7) and then
performing some algebraic manipulations to give (8) as shown
at the top of the next page.

III. EXPERIMENTAL SETUP AND MEASUREMENTS

A. Experimental Setup

The hypothetical mmWave UE and APs used for the 60 GHz
measurements consisted of a Hittite HMC6000LP711E trans-
mitter (TX)' and Hittite HMC6001LP711E receiver (RX)>
modules, respectively. Both the TX and RX modules featured
on-chip low profile antennas with +7.5 dBi gain. For the
mmWave UE, a CW tone of 50 MHz baseband frequency
was fed into a 90° splitter to provide the analogue baseband
I/Q signal. This configuration enabled us to transmit a nar-
rowband signal centered at 60.05 GHz using at an Equivalent
Isotropically Radiated Power (EIRP) of +10.9 dBm. For the
mmWave APs, the 50 MHz intermediate frequency (IF) signal
outputted by the RX module was sampled using a v1.4 Red

Uhttp://www.analog.com/media/en/technical-documentation/data-
sheets/hmc6000.pdf (visited on 10/12/2018).

Zhttp://www.analog.com/media/en/technical-documentation/data-
sheets/hmc6001.pdf (visited on 10/12/2018).
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Fig. 1. Open office environment showing the positions of the APs and user
trajectories.

Pitaya data acquisition platform. The Red Pitaya v1.4 contains
a 14-bit, 125 Msps analog-to-digital converter (ADC) which
was connected to a field programmable gate array (FPGA).
The FPGA unit was programmed with a custom direct digital
down conversion implementation based on the embedded SDR
receiver described in [12]. This implementation provided an
effective channel sampling frequency of 2 kHz and a receive
bandwidth of 86 kHz.

B. Measurement Environment and Scenarios

The measurements were conducted in an indoor open office
area as shown in Fig. 1, which is situated on the 1% floor of
the Institute of Electronics, Communications and Information
Technology (ECIT) at Queen’s University Belfast in the United
Kingdom. The indoor environment featured metal studded dry

Fig. 2. Received signal power (gray continuous lines) measured at AP2
with the path loss component (red continuous lines) alongside the extracted
composite fading component (blue continuous lines) for the path ACF.

walls with a metal tiled floor covered with polypropylene-
fiber, rubber backed carpet tiles, and metal ceiling with mineral
fiber tiles and recessed louvered luminaries suspended 2.70 m
above floor level. The open office area was unoccupied for
the duration of the measurements. As shown in Fig. 1, the
hypothetical DAS array consisted of four identical APs, which
were positioned in a rectangular configuration with a length
of 10.0 m and a width of 9.0 m. It is worth remarking that
the mmWave APs were placed above the ceiling tile with
the antenna boresight oriented towards the floor. During the
measurements, an adult male of height of 1.83 m and mass
80 kg imitated operating an app where the user held the UE
with his right hand in front of his body. The user walked along
three different paths, namely paths AD, ABE and ACF (Fig. 1).

IV. RESULTS
A. Diversity Gain and Number of Path Examinations

As shown in Fig. 2, using the approach described in [13],
the composite fading signal was firstly extracted from the
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Fig. 3. (a)-(c) Diversity gain and (d)-(f) the number of path examinations for the PSC (black dotted lines), SEC (blue dashed lines) and SECps (red continuous

lines) schemes for all walking scenarios.

measurement data by removing the estimated path loss.? Then,
the concept of diversity gain was utilized to evaluate the
potential improvement in the received composite fading signal
reliability that could be obtained using the DAS arrangement
along with the PSC, SEC and SECps schemes. The diversity
gain is defined as the improvement in the signal reliability of a
diversity combiner over the target AP for a given probability
or signal reliability.* It is remarking that all diversity gain
calculations were made at a cumulative probability of 0.1 (10%
CDF level) which is equivalent to a signal reliability of 90%.

Figs. 3(a)-(c) show the achievable diversity gain statistics for
all of the walking paths and the four AP DAS system. It is clear
that the diversity gain of the SEC and SECps schemes strongly
depends on the predetermined switching threshold and there
exists an optimum switching threshold that maximizes the
diversity gain. It was also observed that the diversity gain
obtained for the SEC and SECps schemes when using the
optimum switching threshold was almost the same as the one
for the PSC scheme. In contrast with the SEC scheme, the
diversity gain for the SECps scheme kept the same diversity
gain beyond the optimum switching threshold.

As shown in Figs. 3(d)-(f), the number of path examinations
for the PSC, SEC and SECps schemes was also computed to
evaluate their complexity. Although the number of path exam-
inations increases as the switching threshold level increases,
the SEC and SECps schemes still had a smaller number of path
examinations compared to the PSC scheme for the majority
of switching threshold levels. Moreover, the number of path
examinations for the SEC and SECps schemes were almost
the same when the switching threshold is less than 0 dB while
the SECps scheme had a greater number of path examinations
compared to the SEC scheme when the switching threshold is

3In our analysis, we assume that the APs employ a power control scheme
(e.g., fractional power control [14]) to compensate for the attenuation due to
the path loss.

“In this study, the target AP was chosen in post-processing as the AP with
the highest mean.

greater than O dB. This was most likely due to the fact that
when there is no acceptable branch available the SEC scheme
usually selects the last examined branch while the SECps
scheme selects the best performing branch. More specifically,
for an L-branch arrangement, when the receiver switches from
the (L — 1) branch to the L'" branch (i.e., last branch), the
SECps scheme needs to monitor the L' branch whereas the
SEC scheme does not need to do this as it switches to the Lt"
branch anyway irrespective of whether the received signal level
at the L*" branch is above the switching threshold or not.

B. Modeling of the Composite Fading Behavior Observed at
the Combiner Output

The modeling of the composite fading characteristics ob-
served at the output of the hypothetical combiners consid-
ered in this paper was performed using the diversity spe-
cific equations presented in Section II. The m, ms and )
parameters were estimated using a nonlinear least squares
routine programmed in MATLAB to fit (4), (6), and (8) to
the measurement data. Table I shows the respective parameter
estimates for all of the considered walking paths, allowing
the reader to reproduce their own simulated data based on
the empirical measurements reported here. It is clear that the
ms parameters were found to be quite large for many of the
scenarios, suggesting that they could be approximated using
the equivalent Nakagami-m expressions [15].

As an example of the results of the model fitting process,
Fig. 4 shows the PDFs of the PSC, SEC and SECps schemes
fitted to the measurement data for the path ACF. It is worth
highlighting that the switching threshold was 0 dB. The
theoretical PDFs of the PSC, SEC and SECps schemes were
in very good agreement with the measured composite fading
at the output of each of the combiners, confirming the validity
of the modeling approach utilized here. It can also be seen that
the majority of the composite fading signal levels observed at
the output of the PSC and SECps schemes ranged between
—10 dB and 10 dB while the SEC scheme still had instances
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TABLE I
PARAMETER ESTIMATES FOR THE PSC, SEC AND SECPS SCHEMES FOR ALL OF THE CONSIDERED WALKING PATHS
. PSC SEC SECps
Walking Path

alkung Fa Q M m Q M m Q Ms
Path AD 1.10 1.25 22.62 0.92 1.39 129.99 0.86 1.33 130.00
Path ABE 1.11 1.26 17.82 0.95 1.42 130.00 0.89 1.40 129.99
Path ACF 1.01 1.24 130.00 0.93 1.39 129.99 0.88 1.34 130.00
1 4 1.4 - 1.4 ~ -

(a) Path ACF - PSC (b) Path ACF - SEC (¢) Path ACF - SECps

0.6

0.4

Probability Density

& 04
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Fig. 4. Empirical PDFs (circles) of the composite fading signal observed at the output of (a) PSC; (b) SEC; (c) SECps schemes for the path ACF compared
to the corresponding theoretical PDFs (continuous lines). It is worth highlighting that the switching threshold was 0 dB.

where the composite fading level was below —10 dB.
V. CONCLUSION

In this paper, the potential improvement in the received
composite fading signal for indoor mmWave UE-to-AP com-
munications using DAS based on PSC, SEC and SECps
schemes has been investigated in terms of the achievable
diversity gain. It has been shown that all the considered
diversity schemes provided a worthwhile signal improvement
(up to 9.1 dB of the diversity gain) although the diversity
gain for the SEC and SECps schemes varied according to
the switching threshold that was used. Following this, their
complexity has also been evaluated in terms of the number
of path examinations. When compared to the PSC scheme,
and using an appropriate switching threshold level, the SEC
and SECps schemes provided a similar performance with less
complexity by preventing the unnecessary monitoring. Finally,
a statistical analysis of the output envelope of the PSC, SEC
and SECps schemes operating in i.i.d. F' composite fading
channels has been presented. Over all of the experimental
scenarios considered in this study, the PDFs of the switched
diversity combiners have been shown to provide an adequate
fit to the composite fading observed at the output of the virtual
switched diversity combiners.
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