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Abstract—This paper presents measurement and
characterization of ultra wideband propagation with a view to (at
least partly) replacing wired interface buses in sacecrafts with
wireless links. Channel responses in the frequencyand time-
domain, spatial distributions of UWB and narrowband
propagation gains, delay spreads, and throughputs eve
measured with use of four different-sized shield bees (simulating
miniature satellites). In terms of Frequency domainnarrowband
resulted in nearly 35-dB fading at several “dead sps” caused by
multipath  environment, UWB yielded none. However,
significantly long delay spreads and thus limited ihk
performance are caused by multipaths within a condctive
enclosure. Even in such an environment, it was founthat delay
spreads can be suppressed by partially paneling adio absorber
and apertures (perforated on the outer surface ofatellites). The
results revealed that commercially-available UWB deices were
capable of accommodate up to 480-Mb/s data buses thn
spacecrafts.

Keywords- intra-spacecraft wireless communication;
wideband; radio propagation; delay spreads.
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. INTRODUCTION

Recently, a number of studies have been reportedtab
wireless communications in closed and
environments [1]-[4]. We proposed wireless commatian
within a spacecraft for replacing wired interfacesés with
wireless links and experimentally studied ultra etiend
(UWB) radio propagation in a small scientific speredt [5].
Narrowband wireless links within
numerically calculated and evaluated

in [6]. Howeve
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Figure 1. Measurement setup in a shield box: (a) top andid® views.

narrowband wireless communication systems causéiabpa physical layer of data buses, applying wirelessriebgies to

fading in multipath environments and therefore nesd
substantial amount of fading margin. On the otrardy UWB

signals suffer less from multipath fading, and thprsvide

more dependable, higher-speed linlesg., maximum of 400
Mb/s per node attained with SpaceWire [7], equalthg

standards of a wired onboard data bus).

As on-board mission equipment diversifies, the nwuand
weight of cable used to interconnect subsystemsease.
Since data buses used in manned spacecrafts aigetetp be
tripled, the weight becomes further significantlgdvy.
Moreover, spacecrafts have been assembled marfoalthe
most part, resulting in high costs and long leaudets.
Particularly, harnessing, interconnecting, andinigsinterface
buses have been becoming much more time-consurasg,
spacecraft complexity increases [8]. Although wersd
technologies have not been utilized within spadesras a
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a portion of signal wires could be extremely usehuluse of
wireless connections within the spacecrafts coalttribute to:
(i) reduction of cable weight and launching costassult, (ii)
reduction in the cost of manufacture, and (iii) endexibility

in layout of spacecraft subsystems, and (iv) makable
connections at rotary, moving, and sliding joititsthis study,
UWB signal propagation was measured (3:110.6 GHz, the
full-band UWB, 4.2 — 4.8 GHz, a part of the low-band UWB
proved in Japan, and 74 7.9 GHz, a part of the high-band
UWB approved in Japan) in a shield box. In Sectiprour
experiment setup was presented. Measurement resfilts
propagation and transmission are described in Gedii and
IV respectively. Section V concludes the paper.
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. EXPERIMENT SETUP

A shield box, 430 mm long x 470 mm wide x 435 mghhi
simulating a small scientific spacecraft “INDEX/RHE|”
(launched in 2005) was used for the measuremerithinhe
shield box, the transmitting antenna was fixed &0 2nm
above the bottom and adjacent to the center oDan#8 side,
as shown in Fig. 1. This position was defiredthe origin of
the Cartesian coordinate, whas@andy axes were parallel to
the sides. The receiving antenna was scanned véthégion O
< x [mm] < 340 and -14& y [mm] < 140 in 20-mm intervals
on a polystyrene foam stage (virtually transpareat
microwave). Since the minimum distance betweenratitenna
electric centers was 120 mm/ig / 2r (A, is the wavelength at
the lowest frequency), all the measurements weréedaout in
a far-field region. The transmitting and receivargennas were
omnidirectional, vertically polarized, low voltagéanding-
wave-ratio UWB monopole antennas [5]. Their circgeound
planes were 100 mm in diameter. During the measemésn
the conductive top lid was closed.

Frequency- and time-domain propagation gains we
measured with a microwave vector network analyx&tA).
Major specifications of the measurements are ligieBable |.
From the frequency-domain power gain data, the UW
propagation gains were calculated by summing theepmf
the gains between the feeding points of the anteorar the
occupied bandwidth:

1 f,  PGas(fi)
PGyyg =10log ———— >»'10 10 | 1)
A=)

where PGgg(f) is the propagation gain in dB measured at
frequencyf;, andf_ and fy are the lowest and the highes
frequencies; and the continuous wave (CW) propagajains
at the center frequency (= 6.85 GHz) were extratttecefrom.
Root-mean-square (rms) delay spread was calculededthe
time-domain power gain (delay profil&)z), wherer is thei-
th path delay. The rms delay spre8yi$ given by

X ri*P(r) ZTiZP(Ti)Z
YPr) | XPG) |

S=

(2)

where the summations are taken above a thresheddl €20
dB below the maximum d®(z).

A commercially-available device of WiMedia [9] wased
in the experiments to facilitate a high data ratd & reduce
the fading margin. Its major specifications asteldl in Table
Il.
communication standard, utilizes a multiband-OFDIh.
OFDM, the input data are divided into blocks of fa@ne size,
where each block is referred to as an OFDM symBgl.
appending a cyclic prefix to each OFDM symboal, iisgenbol
interference can be removed as long as the prefonger than
the impulse response of the channel (typically espnted by
the delay spread). The multiband-OFDM employs &50s
zero postfix. When the delay spreads are suffiljiestiorter
than 60.61 ns, therefore, the WiMedia devices eaunded,
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TABLE I. SPECIFICATIONS OF THEMICROWAVE VECTORNETWORK
ANALYZER.
Model Agilent E8362B
Bandwidth 3.1-106 GHz 4.2-48GHz 7.4-7.9 GHz
(full-band) (low-band) (high-band)
Frequency
sweeping 7501 601 501
points by VNA
Calibration Internal function of the VNA
TABLE II. PARAMETERS OF AWIMEDIA DEVICE UNDERTEST.
Nominal maximum bit rate 72 Mbps
Modulation QPSK-OFDM
4.2 — 4.8 GHz (low-band)
Frequency

7.3 — 7.9 GHz (high-band)

Duration of cyclic prefix 60.61 ns
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Figure 2. Spatial distribution of propagation gain within tsigeld box: (a)
CW and (b) full-, (c) low-, and (d) high-band UWB.

which yield the maximum data rate of 480 Mbps, imitthe
spacecrafts. Nonetheless, nominal bit rate of #hecd under
test in this paper was 72 Mbps according to spetifins.
[ll.  PROPAGATION RESULTS
The spatial distributions of continuous wave (CWida

The WiMedia, a high-speed wireless personalaare UWB propagation gains within the shield box areveman Fig.

2. Since the shield box didn't have a precise sytnmehe
propagation gain of CW was asymmetric. Propagatjaims
ranged -41— 6.1 dB for CW, -15— -12 dB for the full-, -14
— -9.7 dB for the low-, and -19- -13 dB for the high-band
UWB. While CW resulted in up to 35 dB fading at sl
“dead spots” caused by multipath interference, ggagion
gain variations were 4.7, and 4 dB for full-, lovand high-
band UWB. Spatial distribution of delay spreadsftdi-band
UWSB is depicted in Fig. 3. The delay spreads rarfgad 43.7
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@
Figure 3. Spatial distribution of delay spreads for: (a)(8.1 - 10.6 GHz), (b) low- (4.2 - 4.8 GHz), am kigh-band UWB (7.4 - 7.9 GHz).

TABLE llI. DIMENSION OF THEINNER VOLUME USED FOREXPERIMENTS
Width Depth Height  Volume
[mm] [mm] [mm] [m?
v 435 8.8x 10?
V2 218 4.4x 102
V /4 } 470 } 430 108 2.2% 102
V /8 54 1.1x 102

to 64.3 ns. The conductive enclosures yields a Idatpy
spread which causes inter-symbol interference, ferte an
irreducible error floor when the modulation symtiate is of
the same order as the delay spread.

A. Effects of Volume

The inner volume\() of the box was varied between 1.1,
2.2, 4.4, and 8.8 10° m*, as listed in Table I, with use of
polystyrene-foam parallelepipeds, covered with ahivm foil
and fitted to the bottom of the box. The height tok
transmitting and receiving antennas was approximatehalf
of the box height. Examples of frequency-domairppgation
gains are presented measuredkay)(= (300, 0) with a volume
of 1.1x 102 m® and 8.8x 102 n?, in Fig. 4. The frequency-
and time-domain gains increase with the inner veljib®]. At
a given delay time, a multipath component arrivésthe
receiving antenna after a different number of cditens on the
walls for different-sized boxes, while the traveliime is the
same, and hence the total free space propagatisnidothe
same. The number of reflections increases withedesing the
inner volume, since a mean free path length betwe
reflections is approximately proportional Y6, Since total
reflection losses on the conductive (but not péisfec
conductive) walls are roughly proportional to themiper of
reflections, the propagation gain at a given detaye
decreases with increasing inner volume.

The delay spreads were found at more than 85 n¥ for
8.8x 10° n®, while 5 ns forV = 1.1x 10° m?. Delay spreads
against the inner volume are plotted in Fig. 5 ffdl-, low-,
and high-band UWB. In all cases, the delay spréazteased
with the inner volume. Delay profiles at (300, O)ere
calculated by the FDTD method and the delay spreatse
derived therefrom, when the height was varied betn435,
218, 108, and 54 mm, while the bottom area wagfae430
mm x 470 mm. The heights of the antennas wereoltife
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Figure 4. Examples of frequency response measured in thigl dioges
(V=8.8and 1.k 10% 7).
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Figure 5. Delay spreads against the inner volume.

inner height of the box. In both cases of simutatiand

measurement, the delay spreads increased with rther i
volume, as shown in Fig. 6. The measurement reisult
indicated by a circle in Fig. 6. The difference vioetn the

simulation and the measurement may be attributedhéo
electromagnetic energy leakage of the shield baieling
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Figure 7. Delay spreads versus area of the absorber.

effectiveness was approximately 60 dB), while trerfert
shielding was assumed in the simulation. The lordglay
paths were attributed to the heavy multipaths witlie
conductive closed space.

B. Effects of Radio Absorber

A patch of a thin elastic radio absorber was atecht the
center of the bottom of the shield box to supptéssdelay
spreads [5]. The absorbers, 2.3 and 1.8 mm thislble in
vacuum, attenuated radio wave reflection by 20 tB and 7
GHz, respectively, and by 10 dB within a 1.5-GHndbaidth.
The absorber of 2.3-mm thickness was used for lamdb
UWB experiments, and that of 1.8 mm for full- arighhband.
Propagation properties were measured while thehpatche
strip was 0.093 m(= 305 mm square) 2", wheren = 0, 1, 2,
..., 6, corresponding 8 2" % against the total inner surface.
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Figure 8. The measurement setup: (a) a shield box had threwe holes
and (b) panels (240 mm x 240 mm) with and withadudar holes.

in energy loss, respectively. Including these epdogses, the
relation between the fading depth and the occup&diwidth

was derived, similarly to the case of no absorliéhile the

absorber panel was places in the center of therottf the

box in this experiment, Sasald al. reported that radio
reverberation characteristics was almost indepdndérthe

position of a small piece of absorber lining witkirshielding

chamber [11].

C. Effect of Apertures on the Surface

The effect of aperture size on UWB propagation was
evaluated inside the shield box. The box (the ssize of the
shield box) had three 200 mm x 200 mm square holes:in
the center of the top lid and the others in thderesf both side
surfaces, as shown in Fig. 8. For changing totala aof
apertures, conductive 240 mm x 240 mm square paviior
without circular apertures were attached on thesalith use
of conductive gaskets between mating surfaces.didmeter
of the circular apertures was 12.5, 25, 50, 10@06r mm.

The UWB propagation gains were almost invariabtettie
total area of apertures normalized by the totad afethe inner
surface between 0.01 and 0.1%, and gradually desteaith
the area beyond To? or 0.1%, as shown in Fig. 9. The lower

The radio absorber panel can suppress the longydelgjwp propagation gains in the high-band UWB were

spreads, as shown in Fig. 7. Received energy lassesed by
the radio absorber were estimated: the absorbe@s008

(0.6% against the total inner surface area) andl30ref area
(4% against the total inner surface area) resuftetland 5 dB
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ascribable to longer free space propagation losgms.delay
spreads were gradually decreased with the totah ark
apertures, as shown in Fig. 10. The propagatiom, ¢fa¢ delay
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profiles, and the delay spreads were found stedi$fi unvaried
between the regions near and far from the aperfligés

IV. TRANSMITTION PERFORMANCE

A commercially-available device of WiMedia [8] wased
to measure link throughputs. The link throughputerev
measured with use of a pair of WiMedia devices, ainehich
was links to a solid state drive (SSD) via USB Ru@rface,
and the other was connected to a personal compuitiera
built-in SSD via a PCMCIA interface. Since the tigbputs
fluctuated typically *4 Mb/s per trial, a number ofals
(normally 35) were carried out to reduce the vamawithin
+1 Mb/s.

Throughputs against the inner volume are plotteféign 11
for full-, low-,

attributable to wider delay spreads. The througHputlow-

and high-band UWB was up to 96 and 100 Mb/s, winen t

absorber panel covered 4 and 8% of the total isndace area,
respectively, as shown in Fig. 12. With aperturéise

throughputs were almost invariable for the nornealiarea of
apertures between 0.05 and 0.4%, and graduallgased with
the area beyond 0.4%, as shown in Fig. 13. Wherdéhey

spreads are suppressed sufficiently shorter thansymbol

duration, we can use the WiMedia devices, whicHdytae

maximum data rate of 480 Mb/s, within the spacesraf

V. CONCLUSIONS
Ultra wideband (from 3.1— 10.6 GHz, 4.2— 4.8 GHz,

and 7.4— 7.9 GHz) and CW (6.85 GHz) propagation and

transmission were measured and characterized iasgtgeld
box emulating a small spacecraft. While CW resuitedearly
35-dB fading at several “dead spots” caused by ipaih

environment, UWB vyielded none. The UWB systems have

therefore an advantage over narrowband from thepaet of
reducing fading margins. No dependence on therdistavas
observed for UWB propagation gain,
throughput, and no apparent spatial correlatiowéen them.
The conductive enclosures caused abundant mulsizatti
long delay spreads. The delay spreads can be ssgprevith
the use of a small patch of radio absorber anditbrapertures.
Propagation gain decreased and the fluctuationerarigthe
gain increased when increasing the area of rad&orbbr
attached on an inner surface. On the other hamghagation
gains were almost invariable for the total areaapértures
normalized by the total area of the inner surfaggvben 0.01
and 0.1%, and gradually decreased with the arearioe§.1%.
The higher UWB propagation gains in the high-band/BJ
were ascribable to higher free space propagatiesek For
empty enclosures, an 4% area of radio absorbesgppress
the delay spreads less than 10 ns. With 0.1% drepestures,
the delay spreads were found at less than 11 res.offtthe-
shelf WiMedia devices can be used to accommodate 4p0-
Mb/s data buses within spacecraft, as long as ¢keey dpread

is suppressed far below 60 ns, from the viewpoifit

propagation.
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and high-band UWB. The throughputs
decreased with increasing the inner volume, whichs w
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