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Abstract—The safety of on-duty firefighters in indoor envi-
ronments could be increased by ensuring reliable, high-data
rate communication in potentially life-threatening situations. This
increases their situational awareness, strengthens their decision
making and decreases response time by ensuring efficient indoor
communication of sensor data, biometrical data, pictures or
videos. Therefore, a real-life rescue operation was replicated by
means of two simultaneously moving firefighters in an office
environment. These wideband channel sounder measurements
were performed at 3.6 GHz with 80 MHz bandwidth. Four
Ultra-Wideband Substrate Integrated Waveguide cavity-backed
slot textile antennas were integrated in the front, back, left
shoulder and right shoulder sections of the firefighters’ jackets,
providing up to 4 x 4 MIMO communication. For this indoor
environment, we extract the pertinent OFDM parameters using
the RMS delay spread and 50% correlation bandwidth of the
sixteen individual SISO channels. Furthermore, we calculate the
potential SISO-, 2 x 2 MIMO- and 4 x 4 MIMO-OFDM capacities
and corresponding data rates. Finally, we show that the 4 x 4
MIMO setup is more energy efficient and increases both the link
reliability and link quality.

Index Terms—Body-to-body communication, MIMO-OFDM

I. INTRODUCTION

Recently, the National Protection Association has published
their annual report, presenting firefighter fatalities in the United
States for the year 2013 [1]. This report states, amongst others,
that 27 firefighters were killed at 15 structure fires. This
demonstrates the necessity to improve indoor wireless commu-
nication between firefighters in life-threatening situations. By
ensuring highly reliable, efficient communication of sensor data,
biometrical data, pictures or videos, rescue workers’ safety is
drastically increased.

This paper presents such a highly reliable broadband
communication system between rescue workers, using textile
Substrate Integrated Waveguide (SIW) antenna systems, which
are unobtrusively and invisible integrated into the firefighter
jackets. Therefore, broadband indoor body-to-body measure-
ments, using the ULB-UCL elektrobit channel sounder, were
performed between two simultaneously moving firefighters in
an indoor office environment. From these measurements, which
replicate real life rescue operations, the pertinent Orthogonal
Frequency Division Multiplexing (OFDM) parameters are
derived by means of the RMS delay spread and 50% correlation
bandwidth. Moreover, the potential data rate for SISO, 2 x 2

MIMO up to 4 x4 MIMO systems are calculated and compared.
Additionally, the possible power reduction, when switching
from 2 x 2 MIMO to a 4 x 4 MIMO setup, is analyzed.
Measurements were performed at 3.6 GHz center frequency
with 80 MHz OFDM bandwidth, which is the largest useful
channel sounder bandwidth compatible with the IEEE 802.11
ac standard [2].

Some research on narrowband body-to-body channel charac-
terization has been performed earlier. In [3], a comprehensive,
statistical characterization for narrowband dynamic body-to-
body communication channels at 2.45 GHz is described. Also in
[4], indoor body-to-body channel gains, small-scale fading and
large-scale fading are statistically described for narrowband
measurements performed at 2.45 GHz. When focusing on
wideband channels, [5] describes the channel characterization
of wideband body-to-body channels by means of static and
dynamic measurements. More wideband channel simulations
are presented in [6], studying the performance gain when going
from SISO Multiband (MB)-OFDM to MIMO MB-OFDM for
a body-surface node to an external node, defined as off-body
communication. In [7], the optimum on-body locations for static
and pseudo dynamic measurements scenarios are determined
for an MB-OFDM UWB body-centric wireless network.

To our knowledge, this is the first analysis of indoor
broadband body-to-body communication channels between two
simultaneously moving firefighters in an office environment,
calculating the pertinent OFDM parameters and the 2 x 2 and
4 x 4 MIMO-OFDM capacities. Section II presents the Ultra
Wideband SIW antenna, the measurement scenario and channel
sounder settings. Section III describes the calculation of the
RMS delay spread and 50% correlation bandwidth further used
in Section IV to derive the pertinent OFDM parameters. Section
V presents the calculated MIMO-OFDM capacities. Finally,
the conclusions are drawn in Section VI.

II. MEASUREMENT SETUP

To perform reliable broadband body-to-body measurements,
an Ultra Wideband cavity backed-slot antenna in Substrate
Integrated Waveguide (SIW) technology was designed in [8].
This antenna design provides stable radiation characteristics
when the firefighter is performing a real life rescue operation.
Since the antenna is fabricated using low-profile, light-weight



and flexible antenna materials, the textile antenna is easily
and unobtrusively imtegrated inside the firefighter jackets.
Moreover, while the antenna design ensures high isolation from
the human body, the SIW textile antenna also yields excellent
performance when placed at the four on-body locations used
for the measurements. The designed UWB cavity backed-slot
antenna in SIW technology is matched for the frequency band
ranging from 3.33 GHz to 4.66 GHz, with a -10 dB bandwidth
of 1.33 GHz and a fractional bandwidth of 33%. More antenna
characteristics and dimensions are described in [8]. Both the TX
and RX firefighters are equipped with four SIW UWB textile
antennas, integrated in the front, the back, the left shoulder
and the right shoulder sections of the firefighter jackets, as
shown in Fig. 1, providing up to 4 x 4 MIMO. Note that
the on-body antenna locations guarantee minimal influence on
antenna performance caused by firefighter movement or by the
oxygen bottle and buckles worn by the firefighters.
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Fig. 1. On-body locations of the four integrated UWB SIW textile antennas,
for both the TX and RX firefighter.

Mobile measurements were performed with both firefighters
simultaneously moving in an indoor office environment. Special
care was taken that the measurement scenario replicates real
life rescue operations by simulating the scenario where the TX
firefighter, whose trajectory is marked by the long dashed line
on Fig. 2, is scanning the hallway while the RX firefighter,
whose trajectory is marked by the short dashed line, is
simultaneously scanning the offices. The markers A, B and C,
placed along the TX and RX firefighter trajectories, indicate
where both firefighters are located at the same time instance.
Moreover, the subintervals @ to @ are used to indicate different
propagation phenomena depending on the mutual position and
orientation of both firefighters.

Measurements were performed at 3.6 GHz center frequency
with 80 MHz OFDM bandwidth. The TX power of the ULB-
UCL channel sounder was chosen ImW to ensure good timing
synchronization and frequency offset estimation, as explained
in Section V.

III. CHANNEL CHARACTERIZATION

Indoor body-to-body communication experiences a large
influence of multiple delayed paths arriving at the RX firefighter,
caused by several reflectors and scatterers. The power delay
profile Py (7) shows the power and the corresponding delays of
these delayed paths, defined as multipath components, together
with the power and the delay of the dominant, strongest path.
Both the power and delays of the dominant and the multipath
components dramatically depend on the mutual orientation and
the relative position of both firefighters, as shown in Fig. 3,
which presents the time-varying behaviour of Py (7) for the
back to back (B2B) SISO link.

At the beginning of subinterval 1, the received signal power
on the RX back antenna is maximal since the back antennas
of the TX and RX firefighter are approximately side by side,
yielding a strong Line of Sight link. When both firefighters
start walking, the power level slowly decreases because of the
extra path loss and because the Line of Sight link is changing
in a Non Line of Sight link. At the beginning of subinterval
2, the received signal power drastically drops because the RX
firefighter has rotated, introducing body shadowing effects.
Moreover, the RX back antenna is now pointing away from the
TX back antenna. In interval BC, both firefighters are walking
in the corridor along the same positive X direction. Now, strong
multipath components arise, as indicated by the red circles on
Section C-60 in the inset of Fig. 3. Moreover, as an example,
one dominant multipath component, denoted by the dashed line
on Fig. 3, clearly increases in delay and path length, indicating
that it is caused by a strong reflection at the beginning of the
corridor.

Based on the power delays presented in Fig. 3, the Root Mean
Square (RMS) delay spread and the 50% correlation bandwidth
of this B2B SISO channel are calculated, further used to
determine the cyclic prefix length and subcarrier bandwidth
when applying OFDM. Furthermore, since we focus on 2 x 2
and 4 x 4 MIMO, the channel parameters of all sixteen SISO
links should be determined separately.

1) RMS delay spread: The RMS delay spread Tras
indicates the time domain spread of multiple delayed copies of
the transmitted pulse and is calculated for every measurement
cycle, for all sixteen SISO links separately, with respect to the
mean delay 7 [9]:

L
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With L the number of distinct multipath components, P; the
power of a multipath component and 7; the corresponding delay
of that multipath component. Table I shows the 10% outage
probability of the calculated RMS delay spreads, denoted as
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Fig. 3. Time varying power delay profile P, (7) for the back to back link
together with Pp (7) of the last measurement cycle, corresponding to time
instance C-60.

TrMS,10, for every SISO link separately. This 10% outage
probability level is defined as the maximal 7pass during
90% of the time and is further used to determine the cyclic
prefix length when applying OFDM. For example, the RMS
delay spread of the front to back link is below 45.80 ns
during 90% of the time. Previous extensive wideband indoor
channel measurements, described in [10], show that Trasg 1S
environment and frequency dependent, with values generally
below 30 ns, except for very large rooms with large distances
between possible reflectors, as is the case in this indoor
environment. A more general rule of thumb indicates that 7z s
is above 10 ns and under 50 ns [9] for indoor environments,
which is confirmed by our calculations.

2) 50% correlation bandwidth: 1f Tr)ss is not significantly
smaller than the symbol duration Ts, consecutive symbols

2. Simplified floor plan with the wideband body-to-body measurement scenario

influence each other. This leads to Inter Symbol Interference
(ISI) and frequency selective fading, described by observing
the frequency correlation function Rr(Af) calculated as the
the Fourier Transform of Py (7) [9]:

Tmax

Re(af) = [
0

Py (7). 72 AIT dr
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In this paper, the 50% correlation bandwidth B¢ o5 is
defined as the minimal bandwidth separation Af, resulting
in 50% correlation (or -3dB). Table I shows the 10% outage
probability of the calculated 50% correlation bandwidths, for
every SISO link separately. This 10% outage probability level
is defined as the minimal B¢ g 5 during 90% of the time and is
further used to determine the subcarrier spacing when applying
OFDM. For example, B¢ .5 of the left shoulder to back link
is larger then 3.53 MHz during 90% of the time.

IV. OFDM PARAMETERS

To avoid Inter Symbol Interference (ISI), the symbol duration
Ts is chosen sufficiently larger than the RMS delay spread
Trums- However, increasing Ts results in a lower data rate,
which limits the possibility to transmit live sensor and biomet-
rical data, pictures or video between two firefighters. Therefore,
the frequency selective wideband channel is subdivided into
N frequency-flat subcarriers, ensuring large data rates without
introducing ISI. The bandwidth Af of these frequency-flat
subcarriers is typically chosen smaller than one tenth of the
coherence bandwidth B¢ o5 [9] whereas the cyclic prefix CP
is chosen larger than three times Trj;s [11] to ensure that
consecutive symbols on the same subcarrier do not interfere.

Using Trars,10 and Bg o510, presented in Table I, the
pertinent OFDM parameters for the wideband body-to-body
channel are determined. For a practical implementation, only
one set of values for Af and CP is chosen, guaranteeing
frequency-flat fading and preventing ISI, during 90% of the



TABLE I
10% OUTAGE PROBABILITY OF TR s, IN NS, AND 10% OUTAGE PROBABILITY OF B¢ o5, IN MHZ

TRMS,10 Bc,o.5,10

P(TrRms < Trms,10) = 0.9 P(Bc,.5 > Bc,.5,10) =0.9

RX — F B L R F B L R
TX Front | 33.10 45.80 34.03 17.59 | 8.63 392 8.63 11.76
TX Back | 19.68 17.62 18.63 25.66 | 8.63 11.76 12.16 8.63
TX Left 2547 3629 2854 19.67 | 510 3.53 941 9.80
TX Right | 1899 29.83 20.05 31.60 | 11.37 549 1059 3.92

time, in all sixteen SISO links. Therefore, the stringent limit, TABLE II

being the smallest B¢ .5, which determines A fy,,q,, and the
largest Trprs, Which determines CP,,;,, are chosen. This
results in next OFDM parameters:

“4)

CPpin = 3. TRMS,max = 137.4ns

1
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These calculated OFDM parameters are compatible with the
802.11 ac standard [2], which defines the minimal cyclic prefix
length equal to 400 ns, being larger than the CP,,;,, and the
subcarrier bandwidth equal to 312.5 kHz, being smaller than
Af max-

Afmaz ®)

V. MIMO-OFDM CAPACITY

For the MIMO-OFDM capacity calculations, the 80 MHz
indoor body-to-body channel is subdivided into 256 frequency-
flat subcarriers, with their subcarrier bandwidth equal to
312.5 kHz, corresponding the the 802.11 ac standard. The
capacity for subcarrier k, when assuming constant TX power
with constant power spectral density and employing uniform
power allocation, is then calculated as:

P .Hk.HkHD.
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With P, the transmit power allocated to the k-th subcarrier, o2
the noise power, Hy the channel matrix of the k-th subcarrier,
Nrx the number of transmit antennas and N x the number
of receive antennas. Using these subcarrier capacities CY, the
OFDM capacity Corpm [bps/Hz] is calculated as the average
over all N subcarrier capacities [12]-[14]:

N
Corom = 5 3 Ch. )
k=1

Since all sixteen SISO links vary independently owing to the
constantly varying mutual orientation and relative position of
each firefighter as well as people moving in the environment,
we first look at the 10% outage SNR of each SISO link, being
the SNR guaranteed 90% of the time. According to [15], the
SNR of such a SISO link should be larger than, or equal to,
5 dB to guarantee reliable timing synchronisation and frequency
offset estimation for all SISO links in MIMO-OFDM systems.
Therefore, we choose the TX power equal to ImW to ensure

10% OUTAGE SNR, IN DB, FOR IMW TX POWER

RX — F B L R

TX Front | 5.84 7.47 5.88 10.01
TX Back | 891 9.13 7.92 9.09
TX Left | 6.84 7.64 7.36 8.67
TX Right | 785 524 7.15 7.66

that this critical SNR level is obtained for every SISO link
during 90% of the time as presented in Table II.

The SISO- and MIMO-OFDM capacities vary over time
and this time varying behaviour is visualized by means of a
Cumulative Distribution Function (CDF), shown in Fig. 4.
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Fig. 4. Cumulative Distribution Function of the capacity, in bps/Hz

Consider the 10% outage capacity C’OFDM’OmJO, being the
capacity guaranteed during 90% of the time, as indicated in
Fig. 4. These 10% outage capacities provide an indication
of the multiplexing and array gain obtained by both MIMO
techniques, visible by a shift to the right of the CDFs. We first
determine the strongest SISO links to calculate the minimal
multiplexing gain when applying MIMO. These strongest SISO
channels, serving as a reference point, are the B2F or F2R link
for 2 x 2 MIMO or 4 x 4 MIMO respectively, where we only
use the front and back antennas when applying 2 x 2 MIMO.
Table III presents the 10% outage capacity for all sixteen SISO



links as well as for 2 x 2 MIMO and 4 x 4 MIMO.

~ TABLE III
10% OUTAGE CAPACITY CorpMm,our.10, IN BPS/HZ, FOR 1MW TX POWER

SISO MIMO
RX — F B L R 2x2 4x4
TX Front | 1.89 224 193 297
TX Back | 2.64 2.71 237 2.67
TX Left | 2.12 231 225 2.60 646 1292
TX Right | 236 1.76 220 234

Table III shows that both 2 x 2 MIMO and 4 x 4 MIMO
outperform each of their corresponding SISO links. This leads
to a multiplexing gain equal to 3.75 bps/Hz or 9.95 bps/Hz
when applying 2 x 2 MIMO or 4 x 4 MIMO respectively.
Moreover, when comparing 4 x 4 MIMO to 2 x 2 MIMO,
we notice a large addtional multiplexing gain equal to 6.46
bps/Hz, demonstrating the extra benefits when applying 4 x 4
over simple 2 x 2 MIMO. Furthermore, as indicated on Fig.
4, we need 13mW transmit power to achieve approximately
the same 10% outage capacity for 2 x 2 MIMO compared
with the 10% outage capacity achieved for 4 x 4 MIMO when
only using ImW TX power. This shows that, when applying
4 x 4 MIMO, the transmit power could be drastically decreased,
maintaining the same throughput. Moreover, when using the
on-body locations for the four transmit and receive antennas as
in this paper, there is always one TX-RX antenna pair which
is pointing towards each other, considering the 3dB beamwidth
of the radiation pattern being 46° in the XZ-plane and 117°
in the YZ-plane as in Fig. 1, regardless of both firefighter
orientations. This increases the link reliability and avoids that
body shadowing heavily decreases link quality. Note that the
calculated capacities are largely independent of frequency [16],
so the results can be extended to both the lower 2.45 GHz
Industrial, Scientific and Medical (ISM) band [17] and the
higher 5 GHz Wi-Fi band [18].

VI. CONCLUSION

In this paper, real-life firefighter rescue operations were
replicated, from which the SISO- and MIMO-OFDM capacities
are calculated for realistic indoor broadband body-to-body
communication channels. By means of the RMS delay spread
and 50% correlation bandwidth, derived from sixteen individual
SISO links, the IEEE 802.11 ac standard is proven very suitable
for indoor broadband body-to-body communication. Moreover,
when the TX power is only 1mW, guaranteeing realiable
timing synchronisation and frequency offset estimation, channel
capacities equal to 6.92 bps/Hz or 12.94 bps/Hz are obtained
for 2 x 2 MIMO or 4 x 4 MIMO respectively, during 90%
of the time, without the necessity of channel feedback. This
corresponds to a data rate equal to 138 Mbps for 2 x 2 MIMO
or even 259 Mbps for 4 x 4 MIMO when using 20 MHz OFDM
bandwidth, corresponding to the smallest OFDM bandwidth
defined in the 802.11 ac standard. These data rates are largly
sufficient, even with a code rate of 1/2, to ensure efficient
communication of crucial information between firefighters.
Moreover, by improving from 2x2 MIMO to 4x4 MIMO
transmit power can be drastically decreased by a factor 13.
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