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Abstract—Off-body data communication for firefighters and combining transmit diversity at the firefighter (using space
other rescue workers is an important area of development. The time codes sent over textile antennas) and receive diyersit
communication with a moving person In an indoor environment at the base station. Bit error rates documenting the re-ti

can be very unreliable due to channel fading. In addition, behavi f tual data t . ted
when considering off-body communication by means of textile ehavior of an actual data transmission are presented.

antennas, propagation is affected by shadowing caused by the hu ~ Recent measurement campaigns related to body-centric
man body. By transmitting and receiving signals using multiple- wireless communication with multiple antennas have been
input, multiple-output antennas (MIMO communication) a large  documented in [3]-[17] but to our knowledge, no measure-

improvement in reliability of the wireless link is obtained. In this ments transmitting real blocks of data off-body, via a fexti

contribution, the performance of wireless data communication i t A2 4 MIMO icati link h
using quadrature phase shift keyed (QPSK) modulated data in antenna system, over communications fink have

the 2.45 GHz ISM-band is evaluated in the case of firefighters been published before.
walking indoor and communicating by means of a compact dual- The 2.45 GHz ISM frequency band was chosen for the

pattern dual-polarization diversity textile patch antenna system transmissions, providing a sufficiently large bandwidthd an
integrated into their clothing. Simultaneous transmit diversity allowing to design antennas of a convenient size, given the

(at the firefighter) and receive diversity (at the base stationup . . - .
to fourth order are achieved by means of orthogonal space-time wavelength of 12cm. The integration of textile antennasin t

codes, providing a maximum total diversity order of 16. garment is not straightforward, as the equipment carried by
The measurements confirm that MIMO techniques drastically the firefighter severely limits the number of suitable lomasi

improve the reliability of the wireless link. Measurements are for an antenna.

compared for three test persons of significantly different sized-or The indoor environment consists of a fading channel where

equal transmitted power levels, the bit error rates for the2x 2 and ltinath effect d shadowi ke the si [l Is fi
4 x 4 links are much lower than for a system without diversity, mullipath efiects and shadowing maxke the signal levels fluc-

with the 4 x 4 system clearly providing the best performance. ~ tuate significantly as a function of position. Channel mea-
Index Terms—body-centric, diversity, ISM band, multiple- surements in the same environment revealed Rayleigh type

input multiple-output (MIMO) systems, space-time codes, textile sma!l-scalg fading. Using mu'tiple antennas "fmd combitﬁag
antennas received signals by means of diversity techniques sigmifiga

improves the performance of the wireless link. The use of
multiple antennas is also very effective against degradati
of the communication due to the shadowing effect of the

The performance of a multiple-input multiple-outpubhuman body. Using two dual polarized textile antennas, on
(MIMO) wireless off-body data communication link is studie the front and back of the firefighter, fourth order diverssy i
for the case of a firefighter working in a building and commuyealized using only two patch antennas. The base statiah use
nicating by means of multiple textile patch antennas it the same type of antennas, placed one meter apart, and also
in his/her clothing. Earlier measurement campaigns, wriagl achieves fourth-order diversity. The resultidgx 4 MIMO
a single transmit antenna at the base station and multigleannel provides a maximum total diversity order of 16. The
receive antennas in the garment of the moving firefighteneasurements in this paper pertain to the situation where th
were performed by our team in the same environment. Thegefighter is transmitting data to the base station.
scenarios achieved second-order receiver diversity [H an Sections II-IIl document the measurement setup and results
fourth-order receiver diversity at the firefighter using hel- At the transmitter, a sequence of uncoded QPSK symbols
polarized antennas [2]. However, this paper discusses euiters a space-time encoder, whose outputs are applidg to
first measurement campaign using true MIMO communicatiogintenna ports. The received signals, capturedvbyantenna

. . . ports, are properly combined according to the particulacsp
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I. INTRODUCTION



In a real-life scenario, the effective diversity for the gtieal | Antenna patch in the front | | Antenna patch n the back |
range of signal-to-noise ratios is degraded by the coroslat \
between the signals and by unequal channel gain. The impac
of antenna coupling on MIMO communication has been stud-
ied in [3] and specifically for dual-polarized antennas ih [4
Channel measurements with dual polarized transmissians ar
presented in [5]; in our measurements the polarization ef th
off-body antennas varies, due to changes in body posturesof t
rescue worker in action. The correlation of signals reaklve
dual polarized antennas in an indoor environment was sludie
in [17]. In [14] measurements of a body-worn antenna system
are performed in open space and the effects of a multipath &
environment are indirectly assessed. .

By means of the cumulative distribution function for the
instantaneous SNR at the detector input we compare the 10%
outage probability levels for tha x 1, 2 x 2 and 4 x 4
systems. The corresponding bit error characteristicsitregU Fig. 1. Positions of front (ports 1,2) and back (ports 3,ahsmitting antennas
from the measurement are compared to the theoretical BERgrated into the firefighter jacket (on the inside, theeanas are actually
characteristics for independent identically distribuRayleigh "°t VisiPle).
fading channels. The measured correlation between thalsign
levels for different antennas and polarizations indicati@s
which degree the channels vary independently.

In Section 1V, the channel is modeled using the Kroneck
and Eigenbeam channel models. Based on these models,

BER characteristics are accurately regenerated using @xma aflab, in order to perform carrier frequency offset estinm

of i.id. pseudo random values having the same statisti@aﬂd correction, timing estimation and correction, channel
distribution as the measured signals. The differences sn d?stlmatmn, space-time decoding, demapping and caloulat

tribution have a significant impact on BER characteristas, of BERs and SNRs.
shown theoretically in [18] for Nakagami distributed sigma

Additional measurements with three test persons of signifi- \aearable textile antennas
cantly different sizes are presented in Section V, regltm . ) )
similar performance gains by using MIMO communication. In this measurem_ent, dugl-polanzed t_ext|le patch gnmnna
Due to the nature of the measurements, with a real test per&f Ysed [19], enabling the |mplementat|c_)n46‘ﬁorder diver-
performing a random walk in an active office environment duplty in @ compact dual-pattern dual-polarized system.
ing working hours; each measurement session will always be
different. Despite this variation, the use of diversityhteitjues
always results in a significant performance gain.

The testbed receiver down converts to baseband the signals
é?ceived by the textile antenna system and samples the re-
I%ing baseband signals. These samples are post-prddasse

y

Il. MEASUREMENT DETAILS

A. Measurement setup

We consider the uplink scenario, where the mobile fire-
fighter transmits and the base station receives. The measure . ?(Xf’yf)
ment setup is composed of two fixed dual-polarized patch L W]
antennas connected to the base station, resulting in a total Ls
of four received signals. The wearable antenna system under
test consists of two similar dual-polarized textile ant&sn
resulting in four simultaneously transmitted signals. Tine-
posed wearable antenna system is realized by integratiog tw W
textile antennas, as documented in Section 1I-B, into tbatfr
and back side of a firefighter jacket, worn by a test person,
as shown in Fig. 1. All antennas are then connected to a

Signalion-HaLo 430 measurement testbed, operated by our patch air
Matlab software. The transmitted space-time encoded data h b

. . | ] substrate |
blocks consist of QPSK symbols, modulated on an RF carrier 1l I ground

frequency of 2.45 GHz at a baud rate ©f Msymbols/s.

The corresponding complex baseband signals are generategld. 2. Layout of the textile antenna with two feed pointsgiite signals
Matlab and then up converted to RF by the testbed transmiti@th orthogonal quasi-linear polarizations.
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The dual-polarized wearable antenna, shown in Fig. 2,
is a patch antenna consisting entirely of textile materials
suitable for integration into protective clothing such ag-fi
fighter suits. The substrate material is a protective, water
repellent, fire-retardant foam, commonly used in firefighter
garments, whereas the ground plane and patch are made out
of FlecTror® and Shield® respectively, two breathable and
highly conductive textile materials.

The layout of the dual-polarized patch antenna consists of
a rectangular patch with a slot. The antenna possesses two
feed points, each one corresponding to an antenna terminal
or port, located on the patch diagonals. The topology and
feeding structure ensure the excitation of two signals with
different polarizations. The wearable antenna, at cerer f
quency f = 2.45 GHz, was designed to transmit/receive two
quasi-linearly polarized waves, which are almost orth@jon
in space, with the two polarizations oriented at tilt angiés
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abouta = £45°. The radiation pattern of the antenna has A
been verified by measurement in the anechoic chamber [2]. ]
The antenna radiates most of its power away from the body _,<”" g
and approximately covers a half-space.

The transmitting patch antenna is located in the firefighter’
jacket and aligned for polarizations of +4%nd -45 when
the user is in the vertical position. Applying two such dual-
polarized antennas, one at the front and one at the back of
the test person, adds front-to-back diversity, allowingtalt
of four signals to be transmitted.

Front-to-back diversity is very important in body-centric
communications since the human body shadows the RF signals — 7
significantly, causing the front and back antennas to Mistua | —— G
cover two complementary half-spaces [1], [2].

4 l desk
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C. The indoor environment Fig. 3. Floor plan of the multipath environment. The sidewagthps Non
) . Line-of-Sight.
A floor plan of the indoor environment where the measure-

ments were performed is displayed in Fig. 3. The path fol-

lowed by the test person during the measurements is markggher synchronously captures these signals on its foenaat

as well as the position of the receiver. orts.
The considered cases are listed here as a function of Phqen a space-time coded MIMO system with, receive

labels shown on Fig. 4 in Section lll-A. -~ and N, transmit antenna ports, the received signal correspond-
1) Path A; — Bj: the test person walking towards thqng to a codewordC can be represented as
receiver from a distance of 15 m and ending at 3 m

from the receiver. R=HC+W Q)
2) PathB; — A,: walking away from the receiver, in the
opposite direction of the first path. whereR, H, C, and W are matrices of dimensiond, x

3) PathA, — C; — Ajs: walking sideways, along a pathK, N, x N;, N; x K and N, x K, respectively; with K
perpendicular to the receiver, at up to 18 m of distancequal to the number of time slots in the codeword. The
In the first two cases, a line-of-sight path is present to quantityh,, , = (H),, , is the complex channel gain between
varying degree. In case 3, the receiving conditions are maéle m-th receive andn-th transmit antenna portC is a
unfavorable, since the transmitted signals experienceymagpace-time matrix with orthogonal rows, whose elements are
obstacles and the transmitter-receiver distance is laFge. linear functions ofL information symbols and their complex
measurements in this article focus mainly on the sidewagenjugates. The information symbols are QPSK symbols, with
path in case 3, as previous measurements [1], [2] have gleardriancec?. The elements of the noise matrW are i.i.d.
confirmed the weak signals in this area and the Rayleigh-likemplex-valued Gaussian random variables; their real and

fading due to multipath propagation. imaginary parts are independent and have varidige. The
_ _ _ quantityr,, = (R).,, denotes the signal captured by the
D. Operation of transmitter and receiver th receive antenna port during tketh time slot of duratior{’.

In the MIMO link considered, the firefighter simultaneously In our measurement setup, we restrict our attentioi,te=
transmits four signals in the same frequency range. The fé; = N, with N = 1,2, 4.



o« N =1:All quantities in (1) are scalars, wit® reducing To compare the performance of different MIMO schemes
to a single QPSK information symbol. in similar conditions, bursts are transmitted that contain
« N =2:We use the Alamouti code [20], defined as sequence of data blocks using the following structure:

s —33] « A transmission without diversity, using only one of the
polarizations on the front antenna (1 TX signal)

) _ ) « The Alamouti space-time code for pattern diversity using

which depends on two QPSK information symbals one of the polarizations on both front and back antenna

and s. (2 TX signals, F/B: front-to-back diversity)

« N =4:we use arata/4 complex orthogonal space- , The Alamouti space-time code for polarization diversity
time code [21, pp 194 (5.143)], defined as on the front antenna (2 TX signals)

C =
2 s 8}

s1 Sy 83 0 « The rate3/4 space-time code (4 TX signals).
C. — —s5 s 0 S3 The signals, transmitted simultaneously on multiple anten
1 s5 0 —s7 s nas, are received on up to four antenna ports. An estimation
0 s3 —s5 —s1 of the complex-valued channel gains, , is performed for

which depends on three QPSK information Sym@.” 16 combinations ofm,n). These channel gain estimates

bols s,, s, and ss. are needed to compute the decision variables by properly

h di | I ) c?mbining the demodulated signals. The received bit stream
The corresponding tota (sum. over all transmit antgnnqg obtained by symbol-by-symbol detection on the decision
transmit power P, total transmitted energyZ, . per in-

¢ . ) - . : ) ! | variables, followed by demapping.
ormation bit and in ormat.|0n bitratd?, are given in Table In order to perform the initial estimation of the 16 channels
I. Note that, for the considered/ x N configurations, we

btai 5 pilot symbols are transmitted by the four antennas, without
obtain £y, = o N/2. overlap in time. These pilots are also used to determine the

TABLE | different carrier frequency offsets for the signals reedifrom
TRANSMITTED POWER BITRATE AND ENERGY PER BIT different transmit antennas.
N | P Ry Eptr = Per /Ry TABLE II
) ) STRUCTURE OF THE TRANSMITTED SIGNALS INDICATING TIMING OF
1 o5 /T 2/T 03/2 (P)ILOT AND (D)ATA TRANSMISSION.
2 202 )T 2/T o2 | 1x1 2x2pol. 2x2FB 4x4
4 | 302/T  3/(2T 202 TX1 | P b D D D
s/ /1) ° T2 P D D
TX3 P D D
P D

For a QPSK constellation, the total instantaneous receiveld**
energy per information bit equals, ., |[H|* /N with |H||

denoting the Frobenius norm #1. Similarly, the per antenna - Taple |1 illustrates the structure of the transmitted slgna
port received energy per information bit s, . [H|” /N?.  The signals consist of 300 BPSK pilot symbols and 396
The corresponding average energies per information Bjbsk  information symbols per transmit antenna for each
are Ey ., E[||H||"]/N (total) and Ej, . E[|[H||"]/N? (per re-  gata block. In our experiment a large overhead is created
ceive antenna port)._ _ - _ by transmitting the pilot symbols, because for measurement
By linearly combining the quantities., , the receiver ,,rhoses an accurate channel estimation is preferrecheturt
constructs decision variables on which symbol-by-symizel dtracking of the time-varying channel (during the coursehef t

cision is performed to obtain the detected information syisI0 gata burst) is performed using decision oriented feedback.
The decision variable; related to the information symbal

can be decomposed as; = s; + n; where the noisey; is i
a complex-valued Gaussian random variable with i.i.d. real . . ) )
and imaginary parts. For the above casés= 1,2,4 the The signal levels and bit error rates in Section IlI-A result

corresponding instantaneous SNR at the detector is given B9 @ total transmit powe#,. = 0.1mW. The power was
chosen very low, in order to generate an illustrative amount

. M EASUREMENT RESULTS

E {|si|2] o2 2E, , HHHz of bit errors during the measurement.
SNRp(H) = e FS ||H||2 = TTT (2) The results from Sections 11I-B, 11I-D and IlI-E are derived
E [nz‘\ } 0 0 from accurate channel measurements. To minimize the influ-

The resulting instantaneous BER for QPSK informatiof |- of the background noise, th_e_ total transmitted power wa
9 raised to100mWW, during an additional set of measurements
symbols [22] is given by

along the sideways path (case 3).
BER(H) = Q(v/SNRp(H)). 3)

For a fair comparison, the values of for the 1 x 1, 2 x
2 and 4 x 4 configurations are adjusted such that the total
transmitted powerP;,. is the same for all configurations



A. Sgnal levels and hit error rates B. Cumulative distribution functions

The recorded instantaneous SNRs for each of the 16 chanBased on the pilot symbols received along the sideways path
nels of the4 x 4 transmission are displayed in Fig. 4. Théy each receiving antenna, all 16 channels are estimatad usi
SNR related to the channel from theth transmitting port to a total transmit power of 100 mW. The different channel gain
the m-th receiving port is defined aSNR = o2 \h,,m|2 /No, magnitudes are approximately Rayleigh distributed butwit
whereag denotes the variance of the pilot symbols. very different average powers (average taken over the side-

Along the line-of-sight path of cases 1 and 2, the differenaeays path). The normalized average power levels for the 16
in signal levels for transmissions from the front and baotombinations of TX and RX antennas are presented in Table
antennas is clearly visible. When the firefighter is walkingl. Normalization has been performed such that the largest
towards the receiver, the signals from the front antenna aieannel gain corresponds to a level(®fiB. The cumulative
significantly stronger than those from the back antenna.

The opposite is true when the firefighter is walking away TABLE Il

. .. . AVERAGE POWER LEVELS[DB] RECEIVED ALONG THE SIDEWAYS PATH
from the receiver. This illustrates the complementarittf®f sinG THE4 x 4 SYSTEM. THE VALUES ARE NORMALIZED WITH RESPECT
antennas, with their radiation patterns pointing in opigosi TO THE STRONGEST SIGNAL
directions and their isolation by the shadowing of the body. TX Antenna RX Antenna

In the same graph the BER per burst is displayed for each _4_3%735 _3_27644 _1_36813 _14_9287
type of diversity listed in the previous section (the BERtglo 15459 -3.3517 -1.3549 0
are listed in the same order). This graph is included as astill -7.8781 -6.8867 -6.2397 -6.3283
tration of the actual wireless MIMO link in operation. Theab -6.0189 -6.0171 -4.2969 -4.6648
transmitted power is constant for all diversity typaéspui

for the 1 x 1 link, 50uW per antenna for the x 2 links  yictribution of the instantaneou;, /Ny = SN Rp(H)/2 at
and25uW per antenna for the x 4 link. the input of the detector is displayed in Fig. 5, fér= 1,2, 4.
The following considerations are important for a correct The individual CDFs for the 16 possiblex 1 cases are
interpretation of the graph: displayed, with the median case shown in bold. Similarly,
 The signal levels plotted for each burst are calculatggr 2 x 2 diversity, 36 combinations of 2 transmitting antenna
based on the average received power during the trap®rts with 2 receiving antenna ports are possible; all ofrthe
mission of the pilot symbols. This is only an estimatere displayed in the graph, with the median CDF as a bold
of the received SNR, as the channels are not invariafife. The median case is selected based on the median 10%
during the transmission of the burst. outage probability levels for each individual case.

« The signal levels vary drastically during the measurement, The rightmost thick line displays the CDF féx 4 diversity.
due to the path walked by the firefighter. Although this igve observe that in our measurement the< 4 diversity
useful to demonstrate the shadowing effect of the bogherforms significantly better than any possible combimatio
in the to/from cases, there is also a downside. As th@ing 2 x 2 diversity and certainly better than the median
bit errors result from a single implementation based aialization for2 x 2 diversity.

a limited number of bUrStS, the bit error rates in this Based on F|g 5, the performance gain W.r.t. thel System

particular graph only indicate the order of magnitudg quantified by comparing the 10% outage probability power
of the statistical BER to be expected with the type gkvels, [8]. These power levels define the 10th percentile in
diversity used. the CDF; the power will be higher than these values 90% of

« The performance of the detection at very low signal levejge time. Comparing these values, the 4 and mediar2 x 2
is compromised by inaccurate channel estimation, due§9stems perform better than the mediar 1 system by15.0
the small transmit power and the limited number of pilo§B and 9.9 dB, respectively. Note that the results apply to
symbols per burst. transmissions using the same total transmit power level.

- Forall of the above reasons the graph fails to point out the aple |V lists the 10% outage probability levels expressed
better performance of 2nd order (at the transmitter) froné-sEb/NO in dB for the best (MAX), worst (MIN) and median
to-back over polarization diversity, as the BER values fQfjyersity cases. The x 4 system still performd.5 dB better
both cases are in the same order of magnitude. A MQfgyn the best x 2 case and.2 dB better than the bedtx 1
accurate comparison with calculated BER characteristiggse. Note that the “best” scenario refers to the specific pat
is deferred to section IlI-E. walked by the firefighter, for the specific orientations ofaige

For thel x 1 configuration (no diversity), errors occur everand transmit antennas. In practice, it is impossible to ozly

along the line-of-sight path (cases 1 and 2), in spite ofngfrothe best scenario, as the movements of the mobile user are not

average signal levels. Along this path no errors occur wh&nown a priori.

using2 x 2 or 4 x 4 MIMO systems transmitting the same

power. . .
Further, even in this short measurement series, the smper%‘ Estimated Nakagami parameters for the CDF

ity of the 4 x4 MIMO link over both2x 2 systems is illustrated The CDF's for all 16 SISO channels were fitted to the

by the lower BER values recorded along the sideways pdifakagami distribution and the parameters producing thé bes

(non line-of-sight; case 3). fit are listed in Table V.

B WN P



case 3

SNR [dB]

- - Front TX antennas
—— Back TX antennas
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Fig. 4. Signal-to-noise ratios for the 16 channels preseriié4 x 4 MIMO link. Bit error rates forl x 1, 2 x 2 front-to-back diversity2 x 2 polarization
diversity and4 x 4 transmissions (log scale). The transmitted power is chossnloe to create a sufficient number of bit errors for illusioat (see text).

1 TABLE V
ESTIMATED NAKAGAMI PARAMETERS FOR THE16 SISOCHANNELS.
0.8 SISO TX-RX | Q m
1-1 09 09
2-1 1.0 08
0.6 3-1 12 1.0
L 4-1 1.3 09
) 1-2 08 15
041 2-2 09 14
3-2 1.1 18
4-2 11 16
0.2F E
10% outage =;§; 1-3 09 0.8
o , Probability level gg ié g g
0 5 10 15 20 25 30 35 40 4:3 12 10
Instantaneous Eb/N0 [dB] at detector . .
1-4 1.0 0.8
. . o . . 2-4 09 09
Fig. 5. Cumulative distribution functions for signals measuialong the 3.4 12 1.2
sideways path, from left to right fot x 1, 2 x 2 and4 x 4 links. The 4-4 13 08
CDFs for all possibleV x N combinations are displayed, with the bold lines
representing the medianV x N cases, based on 10% outage probability
levels.
TABLE IV This is consistent with the results obtained in [6], where it
MINIMUM , MEDIAN AND MAXIMUM  E, /No FOR10% OUTAGE was found that a difference in antenna height above the floor

PROBABILITY IN THE 1 X 1,2 X 2 AND 4 X 4 CASES MEASURED ALONG
THE SIDEWAYS PATH.

SISOMIMO | 1x1 2x2 4x4

level results in different shadowing conditions. Inacciga
can also result from the limited set of measurements. With on

N (#cases) | 16 36 T averagen = 1, the signals are considered to be approximately
MIN [dB] 4.6 121 232 Rayleigh distributed.
MED [dB] 82 181 232

Note that the highest:-values occur for the signals related
to receiving antenn@ and/or transmit antennd. However,
as seen in Table Ill, the average power levels associatdd wit
these antennas are also lower. Therefore the impact of the
The shape factomn varies betweer).7 and 1.8, with an higher m-values on the bit error characteristics presented in
average ofl.06. The actual distribution of a set of measure&ection IlI-E will be limited.
signals at a specific antenna is the result of a large number offhe m values are comparable to those listed in [23] for
factors, including fading, shadowing (by the body as welbas NLoS off-body communication in office environmentss&i
the environment) and changes in orientation of the antennktHz.

MAX [dB] 170 217 232



D. Spatial correlation transmitting antenna portg = 1, ...,4). For a given port the

Some correlation exists between the signals received fréa"Telation for receiving antenna poits:, n) is defined as

different channels. This correlation is partially causedtioe
propagation environment and partially by mutual coupling

between both feeds of the dual polarized antennas. However,

the correlation coefficient is low enough to still achieve a \/
substantial diversity gain by combining the multiple silgna

2].

[ ]The correlation between the four transmit channd@ble VII displays the correlation matrices of the channel
gains (hi1, ..., hi4) is determined for each of the differentdains(f ., ..., ha,n) for each of the four transmitting antenna

E [l ]

(1 il ] B [

(®)

receiving antenna ports = 1, ..., 4). ports (n = 1,...,4). As the receiving patch antennas are
For a given porti the correlation for transmit antennamounted next to each other at one meter distance, isolation
ports (m,n) is defined as by the body (as for the transmit antennas) is not present here

Moreover the antennas are now oriented in the same direc-
tion, providing spatial diversity but no pattern divers{tyoth
E [hi,mh;n] 4) antennas now receive signals with similar angles of aiyxival
\/E [\hi mﬂ B [‘hmﬂ Therefore, the correlgt_ion b_etvv_een sig_nals from diffepatth
’ antennas at the receiving side is significantly higher thahea

. . . . transmitting side. These correlations correspond to thigixna
Table VI displays the channel gain correlation matrices, a 9 P

seen by each of the four receiver ports. The correlation e‘?‘ements(l 3), (1,4), (2,3) and (2, 4).

is higher between signals originating from the same patch TABLE VI

antenna and differing only in polarization (values marked correiaTION COEFFICIENTS FOR THERX CHANNEL GAINS, FOR
in bold). The correlation between front and back signals iS  SIGNALS TRANSMITTED BY EACH INDIVIDUAL TX ANTENNA.
|0W€r because the ShadOW|ng Of the human bOdy |so|ateSCORRELATION FOR SIGNALS DIFFERING ONLY IN POLARIZATION IS
the antennas from each other and moreover, their radiation MARKED IN BOLD-

Pmn =

patterns are oriented in opposite directions. For thisamas ™ 1 5 RX 3 4
front to back diversity results in more diversity gain than 1100 067 048 055
does polarization diversity. This is confirmed by the bitoerr x % 8-% %%% 01-%30 006586
characteristics from Section IlII-E. 2| 055 056 068 1.00
TABLE VI ™>2 RX
CORRELATION COEFFICIENTS FOR THET X CHANNEL GAINS, AS 1 2 3 4
RECEIVED BY EACH INDIVIDUAL RX ANTENNA. CORRELATION FOR 1 1.00 043 0.21 0.50
SIGNALS DIFFERING ONLY IN POLARIZATION IS MARKED IN BOLD. < 2 0.43 1.00 0.36 0.44
RX1 > © 3|021 036 1.00 0.28
1 2 3 4 4| 050 044 028 1.00
1100 043 007 008
% 2| 043 100 007 0.07 X3 RX
= 3]007 007 1.00 0.16 1 2 3 4
4| 008 007 016 1.00 1[1.00 01z 0.09 007
x 2]012 100 003 0.9
RX2 X © 3|009 003 1.00 0.05
1 2 3 4 4| 007 019 005 1.00
1| 1.00 047 005 008
x 2| 047 100 004 0.04 TX4 RX
= 3|005 004 1.00 0.16 1 2 3 4
4| 008 004 016 1.00 1 1.00 0.06 0.06 0.27
x 2006 100 013 022
RX3 X © 3|006 013 1.00 0.26
1 2 3 4 4| 027 022 026 1.00
1[1.00 032 003 o011
x 2/032 100 009 0.10
= 3]003 009 1.00 0.25
41011 010 0.25 1.00 Due to the unequal power of the different received signals
and the correlation between them, the obtained performance
RX4 X C : X o
1 2 3 4 gain will be lower than the theoretical optimum, which is
1| 1.00 0.38 008 0.09 achieved for independent identically distributed fadirgue-
%< 2038 100 012 0.06 nels.
F 3|008 012 1.00 0.39 - . .
4] 009 006 039 1.00 However it is clear that the channel gains fluctuate in a par-

tially independent way while the firefighter is walking in the
indoor environment. Combining the different received sign
The correlation between the four receiving channelill result in a significant improvement of the reliabilityf o
gains (hi, ..., ha;) is determined for each of the differentthe communication, as compared td & 1 configuration.



E. Bit error rate characteristics 10°

The BER characteristics can be calculated based on - Sl
set of received Signal-to-Noise Rati@g |h,,..|> /No. For RRGRT
these calculations only measurement data recorded al@ng 1072 1
sideways track were used. In this measurement series the [ « “ 1x1 No diversity J
loss is nearly constant. Inevitably some shadowing will k i - - -2x2 Alamouti Pol.
present, making the signal worse than Rayleigh distributed 10! ;iii g'f‘g"Toé‘tc' F/B !
Since the measurements were performed Wth= N, = -0 Rayleigh; 1x1
4, for the 1 x 1 and 2 x 2 links multiple combinations of -o- Rayleigh; 2x2
transmit and receive antenna ports are possible. For a 1 s == Rayeigh; 4x4 ‘ ‘

comparison, instead of just selecting one possible cortibima -10 -5 10

of ports, all possible combinations that yield a given tyfe ¢
diversity ?‘re used in the Calcu'?‘tlon of the BER gharadiegs Fig. 6. Bit error graphs showing diversity and array gaine Theoretical

Assuming the channel amplitude to be approximately invaiharacteristics are calculated including receive arréy lgat no transmit array
ant during the time of one received burst, the instantanedig (the total transmitted power is constant).
bit error rate BER (H7)), for the i-th burst and j-th
combination of antenna ports, is calculated from (2) and (3) _ _ o
with H = HGJ) where N = N, = N, = 1,2,4 for the receiver but not at the transmitter, assuming independe
the diversity cases consideredd(7) is the channel matrix identically distributed Rayleigh fading channels, as
corresponding to théth burst and the particular antenna port L L1 k

ian i ; 1 L—-1+k 1
selection indexed by. P=l2(1— ) e Q)
| o R=|s0-m . (1+ 1)

For example, the four possible antenna port combinations 2 =0 2
that provide 2 x 2 polarization diversity areT' X (1,2) x ] ] - ) ]
RX(1,2), TX(1,2) x RX(3,4), TX(3,4) x RX(L,2) with P, the bit error probability,. the diversity order and

and TX(3,4) x RX(3,4). The four correspondin@ x 2
lex channel matrices include only th lex channel _ | _Eb/No
complex channel matrices include only the complex channe p= | —=bY0 (10)
gains which are relevant to the considered combination. L+ Ey/No

The average BER, averaged over all bursts and all antennq_he use of the Alamouti code to transmit and receive
port combinations that yield a given diversity order is calc

lated as

0 5
Eb/NO per input antenna [dB]

two signals, results in two characteristics far< 2 MIMO
communication. A total of ;) - (3) = 36 combinations o x 2
1 < — out of 4 x 4 channels is possible, of which 4 cases correspond
BER= ”ZZQ( SNRp (H(m))) 6 to polarization diversity and 16 cases to pattern diversity
=1g=1 (the remaining cases correspond to pattern diversity on one
with I the number of bursts and the number of signal side and polarization diversity on the other side). The BER
combinations considered for that particular diversityecas characteristics are substantially better witk 2 diversity, but
This BER is expressed as a function of the avenot as good as the theoretical curve for Rayleigh fading with

ageEy .../Ny per receive antenna port, given by fourth order diversity. Pattern diversity (front-to-badikersity
) at the transmitter and receiving two signals from different
Eppec By P {HHH } patch antennas) performs better than polarization diyersi
No = No N2 @) (transmitting two signals from one patch antenna and réeggiv

two signals in the same way).
. Using the orthogonal space-time code fbrx 4 MIMO
1 PNIE communication results in the largest performance gain. The
E [”HHQ} ~ 7.7 Z Z HH( 7 (8) improvement is, compared to tBex 2 system, very significant.
=1j=1 However, the performance is not as good as for the theotetica
The BER characteristics, as a function Bf ,.../Ny, are curve based on Rayleigh fading with 16th-order diversity.
obtained by computing (6) to (8) for a range Bf ;, values. An important conclusion is that the measured charactesisti
Fig. 6 shows the resulting BER curves and displays diversigye clearly better for each increase in the order of diversit
gain as well as array gain. illustrating the practical benefits of using transmit as|vesl
The curve “no diversity” refers to the average BER foreceive diversity. In th& x 2 diversity system, front-to-back
al x 1 configuration. This characteristic is calculated for thdiversity performs better than polarization diversitycéese
average channel, involving all 16 possible transmit/neeport of the lower correlation between the transmitted signals.
combinations. The curve for the average channel approgsnat Table VIII displays theE} .../No ratios in dB needed to
the theoretical curve fotr x 1 communication with a Rayleigh obtain a given bit error rate for the recorded signals with
distributed signal. varying degrees of diversity. Values marked>j are based
The theoretical characteristics with diversity are catedl on the theoretical characteristics for Rayleigh fadingg th
[22, p. 825], by taking into account that there is array gain eequiredE; /N, for the recorded signals will not be smaller.

with




Due to the absence of a sufficiently large number of chanrigl The eigenbeam model
measurements an accurate calculation for the recordedlsign The eigenbeam model [25], treats the influence of the

is not possible in these cases. The table clearly illustreiat,

antennas and environment by means of eigenbases and a

using MIMO techniques, a given bit error rate can be achievegypling matrix.

using a significantly lower total transmitted power.

TABLE VI
E} rec/No REQUIRED FOR A GIVENBER FOR VARYING DEGREES OF
DIVERSITY USING THE RECORDED SIGNALS 2 X 2 DIVERSITY VALUES
FOR POLARIZATION DIVERSITY (POL.) AND FRONT-TO-BACK DIVERSITY

(FIB)
‘ Ey/No [dB]
BER 1x1 2 x 2 Pol. 2 x 2 FIB 4 x4
10—2 13.6 6.5 5.8 1.3
1073 | (>23.9) 10.9 9.7 4.4
10~% | (>33.9) 14.8 12.7 6.6

IV. MIMO CHANNEL MODEL

. L . R
The bit error characteristics in the previous section illus

With U4 and Ugp the eigenbases of the unparameterized
one-sided correlation matrices of sides A and B of the link
(correlation as perceived from the other side of the link), a
MIMO channel realization is generated as

f=U, (Q ® G) u? (15)
with © the Hadamard (entry-wise) product &, which is a
matrix of i.i.d. random zero-mean complex-normal distréul
values, and a coupling matrix).
The coefficients of Q specify the mean amount of energy
that is coupled from thenth eigenvector of side A to theth
igenvector of side B.

trated that using MIMO techniques, the performance of the

system improves significantly compared to a SISO syste

fﬁ: BER characteristics of the measured and modeled channels

However the performance is not as good as predicted by theBit error characteristics are generated for the measurdd an

theory for Rayleigh fading channels with diversity.

The performance of the MIMO system is limited due to th
correlation between the channels and the unequal gain of
receiver’s four input amplifiers.

the modeled channels in a similar way as the one described in
&ection llI-E, however, the BER is now displayed as a fumrctio
tifetotal E, /Ny to show only the diversity gain and not the
array gain.

Several MIMO channel models that include this correlation For the measured channels 325 recorded MIMO channel

are available. In this section two models will be appliedte t
measurement data recorded along the sideways path.

A. The Kronecker model
The Kronecker model [24], uses separate transmit a

realizations are used. For the channels reconstructed oy th
models 10° realizations are generated, to minimize differences
due to the random values in theG matrix and in this

way producing a curve for the average model-based channel

replization.

receive correlation matrices. The model assumes that the fu The bit error characteristics are compared to curves for
channel correlation matrix is given by the Kronecker pradugincorrelated Rayleigh fading to verify the effective daigr

of the transmitter correlation matrix
Ryx = E{(H"-H)"| (11)
and the receiver correlation matrix
Rpx = E{(H-H")} (12)
as
Ry = WRTX @ Rprx (13)
A MIMO channel realization is generated by the model &
H = \/tr{lRiRX}R}{;G (RIT/;)T (14)
with ¢r {-} the trace of a matrix, (-)” the transpose and
® the Kronecker product.

Theoretically the matrix G contains i.i.d. random zero-

order.
OO
q
107 o\
107
m —— Measured, MIMO
== Modeled, Eigenbeam
_s|| = = ~Modeled, Kronecker
10 [|':++ Measured, SISO
0 Rayleigh, 1st order
_g|—®—Rayleigh, 9th order
10 T T L L
-10 -5 0 5 10 15
Total En/No [dB]
Fig. 7.  Diversity gain for the measured and modeled channesgu

measurement-like distributed pseudo random values for ritiateng the

mean complex-normal distributed values. As the distrdouti modeled channels.
of our measured signals is nearly but not exactly Rayleigh

distributed this produces a deviation in the charactessti
(measured versus modeled channel) of ug ©B.
Therefore a G matrix containing i.i.d. pseudo-random

The associated bit error graphs, displaying the diversity

gain, are displayed in Fig. 7 The characteristics displagadg

match of the models to the measurements, indicating that the

values having the same distribution as the measured signadsrelation properties of the actual MIMO channel were edle
is generated. The overall distribution of &00 signal levels, correctly reproduced by both models.
measured fot6 channels and25 bursts, is used as a reference The eigenbeam model, having more parameters, matches

for the generation of the matrix.

the measurements slightly better than the Kronecker model.
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V. PERFORMANCE FOR DIFFERENT BODY SIZES 10°

To assess the influence of a person’s body size, an ex
measurement series was performed with three persons
substantially different stature and weight. The resultsitate
that the gains obtained by using MIMO techniques are simil
for all three persons and also for both measurement canmgaic
despite some differences in propagation conditions. Tdeesi
distribution is different from the previous campaign as th
office environment has changed considerably in the mean til

. oL axa o
(more equipment and people present). All measurements 107 X ‘ ] s ¢

-10 -5 0
this section were performed along the sideways (NLoS) pa E,/N, per input antenna [dB]

in similar operating conditions as the previous measurésnen
Fitting the signal values to the Nakagami distribution re=i9- 8- _Bit error graphs for firemen of different sizes, shayviiversity and
. . . . rra ain.
sulted in the average:-values listed in Table IX, accompanled"i v 9
by the minimum, median and maximut®% outage proba-

bility values. Body mass is also not expected to have a significant impact
as the torso of even a small adult is still much wider than the

10

TABLE IX .
LENGTH AND WEIGHT OF THE TEST PERSONSBEST FITTING size Of the antenna.pat_Ch' .
NAKAGAMI - VALUES FOR THE SIGNAL DISTRIBUTION MINIMUM , The main conclusion is that for all three persons of difféeren

'\{ED'{“; AN2D MAX'4MU'\1 Ep/No FOR10%OUTAGE PROBABILITY INTHE  sjze, MIMO techniques significantly enhance the perforreanc
1,2 X2 AND 4 x4 CASES MEASURED ALONG THE SIDEWAYS PATH  of the wireless link. While the persons experience a differen

Size '-‘E;!]Jth V[‘I’%i]ght ga’:‘Tﬁkg . X?IS%H\XMQAOFE]A; fading distribution, the gains obtained when comparing the
MIN 111 217 452 1x1,2x2and4 x 4 systems are similar. This is the case for
S 1.67 52 075 MED 263 37.7 452 both the outage probability levels and the BER charactesist
MAX 38.8 450 452
MIN 123 212 441
M | 175 73 083 MED 248 367 441 VI. CONCLUSIONS
'}\’m( gg gg-g j‘éé The measurements confirm that in a multipath environment,
L 1.85 104 077 MED 280 388 462 an off-b_ody wireless d_ata link is more r_ellab_le when im-
MAX 40.0 46.1 462 plementing MIMO receive and transmit diversity. The most

practical evidence is provided by the bit error rates oletgin
by demodulation and detection of the data transmitted and

While the distribution of the signal levels is now signifireceived with various orders of diversity.x 1, 2 x 2 and4 x 4
cantly ‘worse than Rayleigh'r¢ ~ 0.8) for all three persons, transmissions were tested, resulting in fewer bit errors fo
MIMO communication offers again a substantial performangch increase of diversity order, while keeping the trattsohi
gain for each increase in the degree of diversity. power equal. These BER results include the combination of

Based on the median values and for all three persong,the fading, shadowing, path loss, Doppler spread and channel
2 system offersl0.8 — 11.9 dB of diversity gain, compared to estimation errors. Cumulative distribution functionsoall a
the1x 1 system. Similarly, thel x 4 system offers5.3—-18.9  comparison of the 10% outage probability levels, providing
dB diversity gain, compared to thiex 1 system. These resultsa quantitative indication of the gain realized by the MIMO
are similar to those of the previous measurement campaigstem. Measured median gains (relative td & 1 system)
with 9.9 dB and15.0 dB gain for the2 x 2 and4 x 4 systems, are 9.9 dB and 15.0 dB for the 2 x 2 and 4 x 4 systems,
respectively (Section IlI-B, Table 1V). respectively.

The BER characteristics in Fig. 8 also display a significant Signals with a higher cross correlation provide less ditiers
improvement in performance for each increase in the linkiain when combined. However, the correlation coefficients a
diversity order. These results are consistent for all thes¢ |ow enough to achieve a significant performance gain in prac-
persons. A spread of up ® dB is present when comparingtice. Bit error characteristics are derived for the diffarerders
the BER characteristics for the same diversity order batweef diversity and are compared to theoretical charactesisor
different test persons. The order of the curves with resfiectRayleigh fading channels with diversity. In a practicaltsys
each other is consistent with the average Nakagamalues. the diversity gain is compromised due to signal correlasind
Some difference is unavoidable as the persons can never watiequal receiver channel gain.
exactly the same trajectory. For the performance of anofiyb ~ The off-body MIMO channel was represented by the Kro-
communication system in real life, variation in performamng necker and Eigenbeam models and the bit error graphs were
to be expected due to many factors, including the envirommeaccurately reconstructed from these models.
body posture and the specific path followed. Additional measurements with persons of different sizes

When the antennas are worn at a different height above thastrate the MIMO systems consistently increase the qerf
floor (due to body size) they consistently experience a gligh mance of the off-body communication link, even for persons
different fading pattern, even for a random walk. of significantly varying sizes.
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