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I. INTRODUCTION front and back textile antenna arrays on the human body

in similar conditions. Both arrays will be driven with the

Off-body wireless communication systems may be lifgame signals for equal patch numbers, resulting in a more
saving for rescue workers operating in an indoor enviromegnidirectional radiation pattern in the azimuth planeisTh

A system including antennas and sensors integrated into thgnfiguration significantly reduces the shadowing by the hu-
garment allows communication of vital measurement data ian body.

a base station in order to improve the safety and security of

the rescue workers and the coordination of their intereenti [I. MEASUREMENT SETUP
in general. The indoor propagation environment introduces
space and time varying channel behavior, including fading,
shadowing and non-constant path loss. Specifically for off-
body wireless communication links, the movements of the b A

person wearing the communication system will create algeri ot
shadowing by the human body, as well as antenna reorienta- 3o
tion.

As the reliability of the link is of paramount importance for port
the monitoring of workers in an emergency situation, system L

consisting of multiple textile antennas distributed ovke t
body of the wearer are used to improve the robustness of the
link. Such an enhancement is possible by employing transmit
and/or receive diversity, using space-time coding and maki
ratio combining, respectively.

Transmit beamforming techniques are able to produce a
higher average signal-to-noise ratio at the receiver byeon
trating the available transmission power towards the vecei Fig. 1. Array of four textile patch antennas integrated itite firefighters’
Dynamic beamforming techniques, using channel estimatesgarment.
determine the optimal set of transmitted signals, thecabyi
offer the best performance. However, their implementation Figure 1 displays the textile antenna array and its position
for off-body communication with a moving person requiregn the human body. A tip-truncated equilateral triangular
high-rate channel feedback, increasing the complexitgt cqopology is used for each patch, which leads to low mutual
and power-consumption of battery-operated systems beyasilipling while still providing sufficient gain in the broads
acceptable limits. direction, i.e. away from the rescue worker. The antenna

For this paper we present measurements for a static off-bgsitches are driven in phase to produce a zero-elevation,beam
beamforming system. Measurements have been described¢dncentrating the power towards a receiver situated on the
literature for outdoor-indoor scenarios [1] but not for @ same floor. The performance of this beamforming array is
off-body beamforming. The off-body system includes tweompared to a space-time coding system using the same
vertically oriented uniform linear arrays consisting ofufo off-body antenna configuration and the corresponding $igna
textile patch antennas [2] at the front and back of the humasnoise and bit error characteristics are presented. én th
body, drastically reducing the body’s shadowing effect. measurement campaign with one textile antenna array [8], th

Previous measurements with only a single front antenparformance is highly influenced by shadowing effects of the
array are described in [3]. The new measurement campaimman body. Nevertheless, a higher average received signal
here documents the performance of a system deploying béghnoise ratio is always obtained by means of beamforming.
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However, receiver diversity is essential, as the resulting
reduction in signal variance is required to produce actépta
bit error characteristics in the demanding indoor progagat
environment.

The system shown in Fig. 2 realizes fourth-order receiver
diversity at the access point side using a horizontal arfay o
four vertical dipoles. The dipole antennas are connectédeo
measurement testbed which down converts and synchronously
samples the signals.

Fig. 2. Measurement equipment at the receiving side, inctubiiorizontal
four-dipole array.

A floor plan of the measurement environment is displayed
in Fig. 3. The Line-of-Sight (LoS) path is situated betwelea t
labels A and B, whereas the Non Line-of-Sight (NLoS) path
is present between A and C. Along the LoS path the rescue
worker walks towards or away from the transmitter, resgltin
in a constantly changing path loss. The NLoS path, marked
“sideways”, is oriented approximately perpendicular ® lihe
between the transmitter and receiver. A nearly constarit pat
loss results. The environment contains office equipmenrth suc
as metal PC cases and metal closets. The thickest walls in
the floor plan are solid brick, building-supporting wallsher
NLOS path is blocked from the receiver by two such walls.
Other walls are also constructed in brick except for thertbgt
walls, which are plasterboard.

[1l. ANALYSIS OF THE RECEIVEDE; /Ny

E,/Ny refers to the ratio of the received energy per bit
to the one-sided spectral noise density, a value that islequa
for space-time coding and beamforming for our experiments,
under equal channel attenuation conditions. An overview of
the average, minimum and maximudd,/N, received for
different situations is listed in Table I. Beamforming paowe
gain is the difference between the averdgg/ Ny in dB for
beamforming and space-time coding. Because of the concen-
tration of power in low elevation angles this factor amouots
approximately3 dB for all measured cases. In [3], a slightly
higher beamforming gain results for the LoS situations with
the beam directed towards the receiver because the power is
more concentrated in a narrower range of azimuth angles when
employing only one antenna array. When, for the dual-array
system, the front array is directed towards the receivéf dfia
the power is radiated at the back array, away from the receive
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Floor plan of the measurement environment.

Ey/No FORSTCAND BEAMFORMING; BEAMFORMING POWER GAIN

STC Beamforming Beamforming power gain
[dB] [dB] [dB]
NL oS, no receive diversity
min  34.1 19.3
avg 44.1 47.0 2.9
max  50.8 55.4
NL oS, 4-th order receive diversity
min  41.6 43.9
avg 51.0 54.4 3.4
max  57.1 61.7
LoS, no receive diversity
min  33.5 37.5
avg 53.2 56.0 2.8
max 59.9 62.3
LoS, 4-th order receive diversity
min  49.7 48.5
avg 59.4 62.3 2.9
max 65.6 68.9




A. Line-of-Sight

The E, /N, for subsequent frames received along the Lo
path, is displayed in Fig. 4 and 5. Clearly, the shadowinghiey t
human body is countered by the dual antenna array, install
front and back. For the-array measurement considered in thi:
paper, the behavior of th&;, /N, is dominated by changing
path loss and fading. Measurements in [3] show a large drop
signal level when the antenna array is oriented away from tl
receiver, due to body shadowing combined with the radiatic

pattern of the single array. In comparison, thg/ N, variance 40+ 1 2 _Beam. dual
is much smaller for the dual-array system, which will resu 3571 © | —sPT, dual
in better bit error (BER) characteristics. ERN P Beam, single
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Fig. 5. E,/No along the Line-of-Sight path, with receiver diversity (MRC
for beamforming and space-time coding.
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Fig. 4. E,/No along the Line-of-Sight path, without receiver diversigX3) ===BeamO
for beamforming and space-time coding. —— Space-time
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: _ _ f '
sity, beamforming produces ahi, /N, that is nearly always rame nr

higher than for space-time coding. The averag/Ny is Fig. 6. E,/N, along the Non Line-of-Sight path, without receiver divaysi
2.8 dB higher for beamforming than for space-time codingRX3) for beamforming and space-time coding.
The minimumE;, /N, values for space-time coding and beam-
forming are33.5 dB and37.5 dB, respectively, for the dual- . ] ]
array system. For the single array configuration [3], thod¥€Senton the Slgnal. C_Iegrly_the space-time code is ssfttes
values werel3.1 dB and 22.3 dB, respectively, when the in reducm_g the fading, indicating that even though the ramae
beam was oriented away from the receiver. Hence, for Lo@aiches in the array are closely spaced, a useful degree
the signal minima are much less severe for the dual-arr@y diversity is obtained. Several signal dips occur for the
configuration. beamforming, with a minimun®, /N, that is14.8 dB lower
2) LoS with 4th order receiver diversityAlthough thanks than for the space-time coding (Table I). As further illaged,
to the array gain the averagé,/N, is approximatelyé dB these S|g_na_l dips will S|gn|f|_cantly deteriorate the bitoerr
higher, similar results are obtained for the system witth ~Characteristics for beamforming.
order receiver diversity, for the beamforming as well asther ~ 2) NLoS with 4th order receiver diversityThe NLoS
space-time coding. Additional diversity gain limits thgrsal Performance withd-th receiver diversity is shown in Fig. 7.
dips, with a minimumE, /N, that is 11.0 dB and 16.2 dB  The averagek;, /Ny is 3.4 dB higher for the beamforming
higher than without receiver diversity, for beamformingdanthan for the space-time coding. This value is even higher
space-time coding respectively. than for the LoS situation, which indicates that the NLoS
. ) signal propagation over larger distances occurs maintyutiin
B. Non Line-of-Sight reflections and scattering at low elevation angles. Comgari
1) NLoS without receiver diversityFig. 6 displays the to the NLoS situation without receiver diversity, the aggra
behavior for NLoS without receiver diversity. For the NLoSF}, /Ny is 6.9 dB and7.4 dB higher for space-time coding and
environment, beamforming still produces a higher averagpeamforming, respectively, because of the receiver amaly a
E, /Ny but due to the absence of diversity, serious fading diversity gain combined.
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Fig. 7. Ep/No along the Non Line-of-Sight path, with receiver diversityFig. 8. BER as a function of the normalized averdgg/No per receive
(MRC) for beamforming and space-time coding. antenna, recorded along the LoS path, for transmissionsuat éatal £y, 4.

In the presence of receiver diversity, the performance of
beamforming is much better because the signal dips are a
drastically reduced. Now, the minimuii,/No occurring for 15 NLoS conditions without receiver diversity, the space-
the space-time coding i3 dB lower than for beamforming. time code clearly outperforms the beamforming. The absence
Although the combination of transmit and receiver diversity diversity results in a beamforming characteristic apgte
provides16-th order diversity for the space-time coding anqing the theoretical curve for Rayleigh fading. For the highe
o_nly 4Tth orpler diversity for the beamforming, the increase i@b/No values, a lower BER is quickly obtained by the space-
diversity gain offered by the space-time coding is smati@nt ime coding, because of the transmit diversity gain excegdi
the power gain produced by beamforming. the beamforming power gain.

IV. BIT ERROR CHARACTERISTICS In case of receiver diversity, the beamforming BER is

The bit error characteristics display the bit error rate RE lower than the BER for space-time coding over the full range
obtained for beamforming and space-time coding, with arftplayed. For the beamformingsth order diversity is present
without diversity in LoS as well as NLoS conditions. To ohtai Whereas the space-time code realizeésh order diversity. The
a fair comparison of the BER produced by beamforming vefXtra diversity gain achieved by space-time coding is matim
sus space-time coding, we consider an equal total traremitfor the BER range considered. Possibly the space-time eode i
energy per information biE, ., for both scenarios. Therefore,bener fqr very low bit error rates, but th_e number of meadure
we introduce the notion of normalized averakjg/Ny, which frames is too low to accurately determine this.
equals either the averads, /N, at the detector output (in the
case of STC), or the averag®g,/N, at the detector output 0
minus the beamforming power gain from Table | (in the cas 10
of beamforming). In this way, displaying the BER curves a

oNon Line-of-Sight

a function of the normalized,/N, includes the power gain P D= LU

associated with coherent beamforming. T e el e

A. Line-of-Sight . Tl

-2 —

Along the LoS path a lower BER is obtained for the bean @ 10 . jis

forming without receiver diversity, because of the beamfor [ Rayleig'h

ing power gain. In case of receiver diversity, the beamfagni || —e— STCRX3

power gain is also visible but the space-time coding appe: 104 —— Beam RX3

to perform better for the lower BERs. Note that the curv —=—STC MRC

for the space-time coding probably bends down excessive - —+— Beam MRC : ‘

for the lower bit error rates, due to the limited number @ -5 0 5 10

measurement points. Looking back at Fig. 5 there’s only ot E,/No

frame where theE, /N, for beamforming is lower than for _ ' _

space-time coding. Except for this single frame, beamfngni Fig. 9. BER as a function of the normalized avgra_@g/No per receive
P 9 P 9 .. antenna, recorded along the NLoS path, for transmissiongual étalEy, ¢,..

always performs better here. However this single frame has a '

large impact on the lower end of the bit error curve.



V. COMPARISON OF SINGLE AND DUAL -ARRAY SYSTEMS is also comparable in case of space-time coding. However,
amforming without MRC require.9 dB more power for
gizfe dual-array system, compared to a single-array. Thiklcou
e attributed to interference between scattered signals fr

An earlier measurement campaign in similar propagati
conditions with a single front antenna array is document
in [3]. A comparison of different measurement campaig S : .
should be made carefully because the path traveled by & front and back beam, resulting na larger S|g_nal vasanc
rescue worker can never be exactly the same. However, so g hence a worse BER characteristic. Alamouti codlng' fpr
differences between single- and double-array systems £E two b_eams can improve the performa_mce her_e, combining
clearly visible. Note that, whereas in [3] the measureméots the benhefltds 0‘; beamforming _anﬁ sSpace-g_rr_]e cogmg. formi
the LoS path are split up in cases with the beam towards andzor t |$|Réj;a —arrgy;yls:;;nl In Los con ftions, r(]aam orming
away from the receiver, this is not the case for the foIIowingIt out : requirest. ess tra}nsm|t power t. an space-
comparison. me coding, because of the effective concentration of powe

Table Il lists the transmit power needed per chanaélgns- in the direction of _the receiver. However, for th_e sing|eagr
mitter output channels are used in all cases) to produce Sa}/r?tem’ beamformmg requirés dB more tr_ans_mlt pow_er_due
average BER= 10~ at the receiver for different antenna ané0 the shadowing by the human body, which is not eliminated

diversity configurations and for the LoS and NLoS measurg'-Ith this configuration.

ment scenarios. In the table, MRC refersitth order receiver V1. CONCLUSION
TABLE II In LoS propagation conditions, the dual-array system is
TRANSMIT POWER PER CHANNEL FOR ABEROF 10~4. effective in eliminating the shadowing by the human body.
This is confirmed by graphs displaying the evolution of the
LoS NLoS receivedE;, /N, for subsequent frames, for single- and dual-
Beem  STC ~ Beam  STC array systems.

[dBm] [dBm] [dBm] [dBm]
1 front array

Beamforming power gains of arourtl dB, compared to

RX3 —12.0 -209 -39 —82 space-time coding are realized in LoS as well as NLoS
MRC —285 —27.7 -15.0 —164 conditions, with or without receiver diversity. Howevehet

2 arrays, front and back variance of the received signal is often higher for beamfogm
RX3 —332 -201 +50 —97 _ SIg g 0
MRC —43.7 —44.0 —185 —17.2 than for space-time coding due to the total absence of diyers

in the beamforming case. Without diversity at the trangmitt

diversity should be implemented at the receiver to obtaowa |
diversity, whereas RX3 refers to reception at only antefina pit error rate at the receiver, without drastically inciagsthe
situated in the middle of the receiving array in Fig. 2. Sy®e transmit power.
with MRC require approximately0 times less transmit power,  Focusing on the required transmit power to obtain a given
compared to reception at RX3. In case of MRC, beamformingi error rate (BER= 10~%) at the MRC receiver, the beam-
and space-time coding require nearly the same transmitipoWgrming versus space-time coding performance is comparabl
Note that static beamforming can be realized using only powgy dual- as well as single-array systems. Note, howevat, th
splitters en is therefore much more low-cost than space-titfeamforming can be implemented using simple power sgitter
COding, Wthh requires fU” transmitter Chains for eachm. Whereas Space_time Coding requires Separate transnham
Without MRC, beamforming is often not efficient, due to theng is hence a much more expensive solution. In NLoS the
absence of diversity in the link. required transmit power is only slightly higher for the dimg

The double array system requires significantly less transmgiray system, but for LoS conditions the dual-array system

power than the single array configuration for equal sigmalinequires around5 dB less power for an equal bit error rate
and propagation conditions. The associated extra systém ga the MRC receiver. For off-body beamforming a dual-array
for the MRC cases is highest in LoS conditions, amounting #ont and back antenna system is recommended, combined
15.2 dB for beamforming and6.3 dB for space-time coding. with receiver diversity.
In NLoS conditions these values a5 dB and 1.2 dB,
respectively. REFERENCES
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