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Abstract. This paper has attempted to evaluate the radaindoor environment, or inside an anechoic chamber. Miacci
cross section (RCS) of two furniture items in an indoor en-et al. (2012), Nicolaescu and lubu (2007), and Bocanegra
vironment in a frequency range of 3—7 GHz of the ultra- et al. (2008) examined the RCS of scattering objects in an
wideband (UWB) range. The RCS evaluation is achievedanechoic chamber. Esposti et al. (2007) and Pongsilamanee
through an extended version of the radar equation that inand Bertoni (2004) analyzed the RCS of typical building
corporates the channel transfer function of scattering. Thavalls, and Jong and Herben (2004) investigated the scatter-
time-gating method was applied to remove the multipath ef-ing of trees. Ghoraisti et al. (2009) studied the scattering
fect, a phenomenon which typically occurs in the indoor en-from lampposts, traffic lights, and signboards. Tsuchiya et
vironment. Two double-ridged waveguide horn antennas foral. (2008) researched the Bragg scattering from periodic sur-
both vertical and horizontal polarizations were used to ob-faces in an ultra-wideband (UWB) signal transmission. Lim
tain the transfer function of scattering of the furniture prior et al. (2006) used the full wave simulation technique to in-
to analysis in order to derive their bistatic RCS. The RCS re-vestigate the scattering from multi-shape or porous objects,
sults validate the applicability of the proposed extended radae.g., bricks, tables, and chairs. Kishiki and Takada (2008)
equation to the indoor propagation prediction. studied the scattering of buildings in a street microcell envi-
ronment, and Cheffena (2012) simulated the effect of a mov-
ing human body on the statistical channel.

This paper measures the channel transfer function of scat-
1 Introduction tering from the furniture items in the indoor environment to

obtain the magnitude and phase. The bistatic scattering mea-

In an indoor environment, scattering targets, e.g., furnituresyrements are analyzed by means of the extended radar equa-
items, walls, or even a human body, have an effect on thgjon and the Kaiser—Bessel window to derive the RCS of the
total received signal. In addition, the scatterers and their enfyrniture items. The organization of the paper is as follows:
vironment affect the radio wave propagation. Thus, the di-after this introduction, Sect. 2 details the underlying theory
verse effects of different scattering objects on the radio waveyf Rcs analysis in this paper. Section 3 deals with the ex-
propagation warrant examination and analysis. In the case Qferimental setup and procedure. Section 4 describes the RCS

furniture items, their multi-shape geometry necessitates spemeasurement results. The concluding remarks are provided
cial treatment to investigate and model their effects on thep sect. 5.

radio wave propagation.

Techniques have been proposed for the determination of
the radar cross section (RCS) of various types of targets.
Depending on the target size and selected frequency range,
RCS can be investigated in either an outdoor environment,
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*,! L s where Hc (£, 6, ¢i, 0s, ps) is the transfer function in the in-

walls, ceiling, and the mutual coupling between Tx and RXx;
H; (f) is the transfer function of TxH; (f) is the transfer
function of Rx; andH, (f, 6;, ¢i, 0s, s) is the channel trans-
fer function of scattering, where can be determined from

o (.61, 91,05, 9s) = | Hy (f, 6. ¢i, 05, 9912 ®)

The experiments attempt to evaluate the indoor RCS of
the furniture itemsH, (f, ¢s). However, the channel trans-
fer function in an indoor environment without scattering,
Hc:(f,ps), is inevitable in such measurement. The time-
gating method is applied to removB.(f,¢s) using the
Kaiser—Bessel window in time domainy (z, 6;, i, 0s, ¢s)
(Eq. 4), and the impulse response of scattering component,
Concrete hsc(t, 6, ¢i, 0s, 9s) (EQ. 6). Then, the channel transfer func-
Ground tion after time gating,Hii (f, ¢s) (EQ. 7), is scaled by the
] ) S o channel transfer function in free spaég; (f) (Eg. 8), to re-
Figure 1. Top view and side view of the bistatic RCS. moveH () andH; (f). The final resultisH, (£, ¢s) (EQ. 9).
The Kaiser—Bessel window is used in the time domain
) to extract scattering from the target at a delay time of
2 Theory of RCS evaluation (di+dy) /c. The Kaiser—Bessel window (2, 6, ¢i, s, ¢s) is

) ] defined as
The radar equation (Knott et al., 1985) is commonly used to

describe the relationship between the received power and a w (7, 6i, @i, 0s, ¢s) =
target. For the radar link from a transmitter antenna (Tx) to o[ e \/1_ {2[[_,‘)(%%95_%)] }2)
T
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a receiver antenna (Rx), and with the polarizations of both
antennas pointing to a scattering target, the received powe Totra) Ip—
P (f, 6, ¢i, 6s, ps) can be calculated from

<i<tp+%  (4)

NS

0 otherwise

B (1.6, (/;’ Os. ¢s) whereT is the window widthg is a window shape parameter
c i X . i i
= 6 (f.0,¢i,0s 05 Gt (f)Gr (f) P(f), (1)  Whose valueis 4.8 (6, ¢i, 05, ¢s) is set at the time around
6473 f2d?d? AR ' ‘ (dy + dy) /c to capture the impulse response corresponding to
_ . _ . the scattering component; andt) is the zeroth-order mod-
where P (f) is the transmitted powet (f) is the gain of  fied Bessel function of the first kind, which can be expressed
Tx, G (f) is the gain of Rxd; andd; are the respective dis- zg

tances from the target to Tx and RX( f, 6;, ¢i, 0s, ¢s) is the

e

RCS of the targets is the velocity of light, f is a carrier 1
. : . lo(x) == [ e gp ®)
frequencyd; andg; are the elevation and azimuth incident '0 T :
angles to the target, amfid and¢s are the elevation and az- 0
imuth scattering angles from the target. The impulse response of the scattering component

This research work has adopted the extended version of thg
radar equation which incorporates the channel transfer func-
tion of scattering to evaluate RCS. The experimental targets oo
are singly placed between Tx and Rx under a bistatic condifigc(z, 85, ¢, 0s, s) = / Hsc(f, 6i, @i, 6s, ©s) efZ”ftdf. (6)
tion. The channel transfer function of scattering in frequency

sc(7, 6, i, Os, ps) can be calculated from

—00
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(a) VV polarization (b) HH polarization

(¢) VV polarization (d) HH polarization

Figure 2. Bistatic measurement setups for an office chair and a steel desk with VV and HH polarizations.

The frequency transfer function after time gatifg ( f, ¢s) The channel transfer function of scattering, or RCS, is fi-
can be estimated from nally derived and can be expressed as
Hii (.61 ¢i. 05, ¢s) _ YAy jonp it d-dpy e Hi (S G 1. O, 99)
Hs (f,0s) = e
00 ds Hi (f)
= / hSC(t’ 9I ) (pl 5 95’ (ps) w (ty 9I ) (PI ) 989 ¢S) e—j277ftdt (9)
—0oQ

c

r——m0> ——H, (f, —jenfldtdn/c gy H 7 3 Experimental evaluation of sample furniture
8(77)3/2fdtdr o (frps)e t()H () (7)

The location where the experiments were carried out was an
The measurement of the channel transfer function of freéindoor open area on the sixth floor of the E-Building, Fac-
spaceHy (f), was carried out in an anechoic chamber prior ulty of Engineering, King Mongkut's Institute of Technol-
to substituting in Eq. (9) to removH; (f) and H; (f). The  ogy Ladkrabang. The measurements were taken on weekends
Tx and Rx antennas were aligned such that they pointed afo avoid interferences from the human body. A sequence of
each other to obtain a direct link. The channel transfer func-measurements were completely undertaken prior to analysis

tion of free spaceffi (f), can be written as of the RCS of the experimental furniture items. The measure-
ment setup and procedure are detailed next.
Hir (f) = Z € -jemfdi/e He(f) He (f), 8) _ A vector network analy;er (VNA) (HP 8510C) was L_lti-_
7t f df lized to measure the magnitude and phase of the transmission
coefficients. The VNA was operated in the response mea-
whered; is the distance from Tx to Rx. surement mode, where port 1 and port 2 were the transmitter
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Figure 4. Comparison of RCS without and with time gating.
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system dynamic range, and the received impulse response

Figure 3. Gain and phase of horn antennas relative to frequency. Of each receiver position was recorded. For the RCS in the
presence of either of the scattering targets, the distance from
Tx to the center of the target was 3 m, and the distance be-
and receiver ports, respectively. The full two-port method tween the .center of the target and.the Rx antgnna was 2.m.
’ ' The experiments were conducted in the near-field (Fresnel)

was utilized o calibrate the ap_al_yzer 10 suppress the nOIS‘f“egion due to space and power limitations. Both Tx and Rx
level and to improve the sensitivity and accuracy measure-

ment. Two double-ridged waveguide horn antennas weréNere placed at a height of 1.5m from the ground. The re-
used. one as Tx and t?we other a% Rx, with an operatin fregeiving antenna was rotated with a “Lincrement around
' ! b 9 e scattering target for a total of 36 positions. The measure-
rlments were thus repeated by varying the angle of Rx, while
, X hat of T i i hi he directional pat-
office chair of 1 mx 0.62mx 0.44m (H x W x L) and a steel atot Tx rer'naln'ed stationary to achieve the dlrectlona pat
tern of the bistatic RCS between Tx and Rx, assuming that
desk of 0.76 Mk 1.37mx 0.66m (H x W x L). ' 90° o — 180° and - i simplified
In general, an accurate RCS is achievable only in an an-e' =0s=90", ¢i = 180°, ando (1, 6, ¢i, bs, ¢s) IS simplifie
echoic cham'ber in which the effects of walls, floor, ceilin too(f,6s). Figure Lillustrates the top and side views of the
and other background clutters are removed Ne\}erthelgésbiStatiC RCS, while Fig. 2a-d are photographs of the mea-
since the availagle anechoic chamber is too émall to fit theSurement setups for the chair and desk for vertical-vertical
. . . I4VV) and horizontal-horizontal (HH) polarizations.
two horn antennas and either of the scattering targets wit S .
sufficient space remaining for running the experiments. the In the calibration, the antenna measurement in the an-
eiplerlimentz were thu.lc, cI:a?ried OL:Jt irll t\g/]vo ste;;(sp (1I) the e{/aluEaChOiC chamber was carried out to determine the channel
ation of RCS with the existence of either target in the indoortransfer function of free space. The Tx and Rx antennas in the

. L calibration were each 1.40 m in height from the ground and
open area on the S!Xth floor of the E-Building, and (2) thewere placed at a distance of 2 m and aligned pointing at each
antenna calibration in the anechoic chamber.

For the setup, the frequency range is from 3 to 7G|_|Zother. Figure 3 shows the broadside—broadsidgd@ins and

with a total of 801 frequency points. The averaging factor phases of the horn antennas relative to the frequency.

was set at 4096 to reduce the noise level and improve the

signal-to-noise ratio (SNR). The sweep time was 200ms and;  Experimental results

the intermediate frequency bandwidth (IFBW) of the vector

network analyzer was 10 kHz. The measurement at each arFhis section presents how the accuracy of the conventional
gle required approximately 15 min. The maximum transmit- ray tracing simulation technique can be improved upon with
ted power of 10dBm was selected to obtain the maximumthe proposed extended radar equation. The indoor RCS of
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Figure 5. The RCS for the experimental office chair for VV polar-
ization.
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Figure 7. The RCS for the experimental steel desk for VV polar-
ization.
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Figure 6. The RCS for the experimental office chair for HH polar- Figure 8. The RCS for the experimental steel desk for HH polar-

ization.

ization.

the two scattering targets, i.e., the office chair and steel desksponse and also filters out the late time pulses, which are
were evaluated in the frequency range of 3—7 GHz in VV attributable to the multipath effect. To demonstrate the effec-
polarization and HH polarization. It is found that the VV and tiveness of time gating in removing the multipath effect, the

HH polarizations yielded different RCS.

comparison between the RCS of the chair without and with

This paper utilized time gating to remove the multipath time gating is provided. Figure 4 compares the RCS without
effect in the received signals. The time-gating method transand with time gating along the frequency range of 3—7 GHz
forms the frequency domain response into a time domain reand with different incident angles. In Fig. 4a, without time
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