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Effects of Bragg Scattering on Ultra-Wideband Signal Transmission
from Periodic Surfaces

Hiroaki TSUCHIYA†a), Navarat LERTSIRISOPON†, Student Members, Jun-ichi TAKADA†,
and Takehiko KOBAYASHI††, Members

SUMMARY In this paper, the effects of Bragg scattering on ultra-
wideband (UWB) signal transmission from periodic surfaces are reported.
First, the frequency dispersive property of Bragg scattering is theoretically
and experimentally confirmed. Next, the transfer function of both specu-
lar path and Bragg scattering are extracted. Then direct sequence UWB
(DS-UWB) transmission simulations are conducted by using a raised co-
sine pulse that occupied 3.1 to 10.6 GHz and a Gaussian pulse that occu-
pied 8.75 to 9.25 GHz. Finally, the effects of Bragg scattering on UWB
systems are discussed.
key words: Bragg scattering, ultra-wideband, UWB transmission, propa-
gation

1. Introduction

In indoor and outdoor propagation environments, nonspec-
ular scattering is often not negligible. While Bragg scat-
tering [1]–[3] have been discussed with regard to river or
sea surfaces [4], it may also be significant for periodic
structures such as brick walls, metallic shutters and win-
dow blinds. In particular, its frequency dispersive property
[5] may influence the transmission performance of ultra-
wideband (UWB) systems [6]–[8]. Our previous works [9]–
[11] presented the theoretical analysis and also confirmed
the existence of Bragg scattering by doing experiments us-
ing metallic window blinds as periodic structures. In this
paper, we focus on the effects of Bragg scattering on direct
sequence UWB (DS-UWB) [12]–[14] signal transmission
from periodic surfaces, and investigate how Bragg scatter-
ing deteriorate UWB waveforms and degrade UWB trans-
mission performances by conducting transmission simula-
tions.

2. Bragg Scattering Experiment

2.1 Definition of Bragg Scattering

Bragg’s law [1] defines a reflection or diffraction relation-
ship between the wavelength of an incoming ray path and
the period of the periodic structure. Figure 1 illustrates the
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Fig. 1 Bragg scattering illustration.

Bragg scattering when rays 1 and 2 are reflected from peak
points 1 and 2, respectively. When the path length difference
Δl of the two rays satisfies Eq. (1), Bragg scattering exists,
and its scattering angle follows Eq. (2)

Δl = d sin θi − d sin θs = nλ (1)

θs = arcsin

⎛⎜⎜⎜⎜⎜⎝sin θi − nλ
d

⎞⎟⎟⎟⎟⎟⎠ (2)

where

• n: the order of reflection (n = ±1,±2, · · ·),
• λ: the wavelength of the incident ray,
• d: the period of periodic structure,
• θi: the incident angle,
• θs: the reflection (scattering) angle.

The case that n = 0 in Eq. (1) corresponds to specular re-
flection.

2.2 Experiment Setup

Figure 2 shows the measurement setup. The measurements
were performed with a vector network analyzer (VNA)
to determine the complex radio channel transfer function
H( f ) = S 21( f ). Selected parameters are listed in Table 1.
The transmitting antenna was mounted on a fixed pole and
the receiving antenna was vertically scanned to measure the
direction of arrival (θs). We used metallic window blinds
(case A) and a metallic white board (case B) to compare the
difference between the periodic and flat surfaces. The de-
tails are shown in Fig. 3.

2.3 Theoretical Analysis and Experiment Results

From the experiment setup, Tx and Rx positions bound the
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possible range of θi and θs to 0◦ ≤ θi ≤ 65◦ and −47◦ ≤ θs ≤
57◦, respectively. Its theoretical analysis of Bragg scattering
based on Eq. (2) and blind spacing (the period of periodic

Fig. 2 Experiment setup.

Table 1 Specifications of the experiment.

Bandwidth 3.1 to 10.6 GHz
Frequency sweeping points 751
Spatial sampling in the Rx po-
sition

41 points in vertical linear array whose el-
ement spacing is 1 cm

Height of Tx and Rx Tx: 2.25 m, Rx: 0.88 to 1.28 m
Type of antennas Double-ridged guide horn
Polarization Vertical-Vertical
Calibration Function of VNA
SNR at receiver about 50 dB

Case A.

Case B.

Fig. 3 Target objects.

structure d) of 2.1 cm is also shown in Fig. 4 on which Bragg
scattering was theoretically confirmed.

For case A, since Bragg scattering has frequency dis-
persive properties, we show the frequency-angle power
spectrum (Fig. 5) and frequency-delay spectrogram (Fig. 6)
separately. Figures 5 and 6 were computed by using beam-

Fig. 4 Bragg scattering theoretical analysis of case A.

Fig. 5 Frequency-angle power spectrum of case A.

Fig. 6 Frequency-delay spectrogram of case A.
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forming [15]–[17] and short period inverse Fourier trans-
form respectively. A hanning window with 751 points was
shifted across each frequency sweeping point for the inverse
Fourier transform to detect Bragg scattering both in time and
frequency domain. Bragg scattering and the specular reflec-
tion can be found as marked areas in these figures. Compar-
ing Figs. 4 and 5, it can be said that the theoretical analysis
result agrees with the experiment, and Bragg scattering with
a wide angular spread appeared at the high frequency part
in this experiment setup. Moreover, it is shown in Fig. 6
that Bragg scattering appeared with a long delay spread on
a different delay time compared to the specular path.

For case B, no Bragg scattering was found since the
reflecting object (white board) has a flat surface. Its specular
reflection was found at the same position as case A.

3. Specular Paths and Bragg Scattering

According to Figs. 5 and 6, the specular path and Bragg scat-
tering can be separated both in angular and time domain, so
it is possible to detect the specular path by using a matched
filter both in angular and time domain. The path gain values
for both cases are shown in Table 2.

Figure 7 shows the transfer function of specular path
for both cases. Since the materials of the objects for cases
A and B are different, they have different losses. The loss
of case A is approximately 2 dB greater than case B, and
it can be confirmed at frequencies lower than 8.43 GHz.
From 8.43 to 9.48 GHz, a significant dip can be observed
at specifically 8.98 GHz due to the influence of Bragg scat-
tering. This range falls in the frequency range of Bragg
scattering shown in Fig. 5, and means that the specular path
are affected by Bragg scattering. For the part greater than
9.48 GHz, there is almost no effect from Bragg scattering,
but the penetration loss for case A should be considered
because the half wavelength (λ/2) at these frequencies are
smaller than the blind gap (about 1.6 cm), and therefore the
specular path at these frequencies can go through the blind
gap.

For Bragg scattering, it cannot be detected as one path.
The frequency dispersion of Bragg scattering resulted in a
relatively long delay spread and a wide angular spread as
listed in Table 2, and no significant peak can be observed.
One transfer function (at 9.5 ns, −36◦) of Bragg scattering
for both cases are shown in Fig. 8. Note that although there
is no Bragg scattering for case B, we show the transfer func-
tion of case B with the similar angular and delay informa-
tion as in case A in order to make a comparison. As we
can see, there is almost no difference up to 8.43 GHz be-
tween cases A and B, therefore no additional signal can be
received at the receiver due to Bragg scattering. But for
frequencies from 8.43 to 9.48 GHz (maximum at 8.98 GHz,
this value follows the frequency corresponding to θs = −36◦
as shown in Fig. 5), Bragg scattering for case A may dete-
riorate UWB waveforms with its high gain components and
degrade UWB transmission performances.

Table 2 Results of cases A and B.
case A case B

Specular Bragg Specular Bragg
scattering scattering

θs [deg] 33 −50 to −25 33 -
Delay [ns] 7.0 9.0 to 9.8 7.0 -
Frequency whole above 8.5 whole -
range [GHz]
Gain [dB]∗ −42.59 −68.23(mean) −40.26 -

(* Tx and Rx antenna gains are included.)

Fig. 7 Transfer function of specular paths (at 7.0 ns, 33◦).

Fig. 8 Transfer function of Bragg scattering (at 9.5 ns, −36◦).

4. Transmission Simulation

In order to know how Bragg scattering may deteriorate
UWB waveforms and degrade UWB transmission perfor-
mances, transmission simulations were conducted by using
the transfer functions shown in Sect. 3 and two signal pulses
with equations shown in Eqs. (3) and (4). One consider-
ation in choosing the signal pulses is that it must have a
clear peak in the time domain so that we can clearly com-
pare the received and transmitted pulses. Moreover, since
Bragg scattering may have a bad influence on the high fre-
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quency part of the specular path for case A, it is better to
use a limited band signal pulse whose frequency range is
wider than the 8.43 to 9.48 GHz range and another signal
pulse within the 8.43 to 9.48 GHz range to see the effect
of both on Bragg scattering. Due to these issues, a raised
cosine pulse (RCP) that occupied the whole UWB range
from 3.1 to 10.6 GHz, and a Gaussian pulse (GP) that oc-
cupied the position with Bragg scattering centered at 9 GHz
with 500 MHz bandwidth were used. For RCP, instead of
the low (3.1 to 4.9 GHz) and high (6.2 to 9.7 GHz) bands
as proposed in [12], the full band signal pulse from 3.1 to
10.6 GHz was used for convenience. Both RCP and GP
transmit through the channels of specular path and Bragg
scattering. The RCP is given as follows [18]:

x(t) =
sin(πt/td)
πt/td

· cos(απt/td)
1 − (2αt/td)2

(3)

where

• fc = 6.85 GHz: the center frequency,
• td = 1/7.5 ns: the duration of the pulse,
• α = 0: the roll-off factor,

and, the GP is given as follows:

x(t) = exp(2t/td)2 cos(2π fct) (4)

where

• fc = 9 GHz: the center frequency,
• td = 1/0.5 ns: the duration of the pulse.

Figures 9 and 10 show the transmitted signal of the RCP
and GP in time and frequency domains respectively. The
received signal s(t) is constructed as follows:

S ( f ) = X( f )Hτ,θs ( f ) (5)

s(t) = F −1
[
S ( f )
]

(6)

where X( f ) is the Fourier transform of x(t), Hτ,θs ( f ) is the
transfer function with delay and angular information includ-
ing both Tx and Rx antenna gains, and F −1[·] is the inverse
Fourier transform.

According to the IEEE 802.15 Task Group 3a [6], DS-
UWB is one of the standards considered for UWB high-
speed wireless personal area network (WPAN) [19] sys-
tems. It is based on the direct sequence spread spectrum
(DSSS) [20] technology where a rake receiver is useful for
collecting scattered signal energy over multipaths. The mul-
tipaths can be collected by using a rake receiver, and signal
symbols are detected using correlative detection by com-
paring received waveforms with transmitted waveforms. In
order to evaluate numerically the received waveform dete-
rioration due to Bragg scattering, we show the correlation
value between received waveforms and transmitted wave-
forms (shown in Figs. 9(a) and 10(a)) both for RCP and GP
in Table 3. However, to know how Bragg scattering may
degrade UWB transmission performances, not only wave-
form deteriorations should be considered, but the gain and
delay spread of received signals are also important because

(a) Time domain. (b) Frequency domain.

Fig. 9 Transmission signal (RCP: 7.5 GHz bandwidth) in time and
frequency domain.

(a) Time domain. (b) Frequency domain.

Fig. 10 Transmission signal (GP: 500 MHz bandwidth) in time and
frequency domain.

Table 3 Correlation between transmitted and received waveforms.
3.1 to 10.6 GHz (RCP) 8.75 to 9.25 GHz (GP)
Specular Bragg Specular Bragg

scattering scattering
Correlation∗∗ 0.78 0.26 0.94 0.97

(** Tx and Rx antenna distortions are included.)

the receiver need these information to collect multipaths and
DS-UWB system performance may suffer from long delay
spread and low gain pluses. Note that the information of de-
lay and gain are shown in Table 2. In the following figure
explanations, the received waveforms by transmitting RCP
and GP pulses to the transfer functions shown in Sect. 3 are
discussed.

Figure 11 shows the RCP received waveforms of spec-
ular path for both cases, both waveforms were affected by
the antenna characteristics. As we can see, there is only a
slight influence that can be observed from Bragg scattering
for case A. Because the specular path was only affected by
Bragg scattering at high frequencies, the signal can be de-
tected due to its high correlation value with the transmitted
waveform. However, if the size of the periodic rough sur-
face is large (ex. 4.0 cm), not only one Bragg scattering can
be confirmed, but another Bragg scattering can also exist at
lower frequencies and affect the specular path as will be dis-
cussed in Sect. 5.

Figure 12 shows the RCP received waveform of Bragg
scattering for case A. Note that this paper shows the received
waveform of Bragg scattering separately from the specular
path in the time domain because their transfer functions are
different in the angular domain, and the time resolution both
for RCP and GP are enough to separate the specular path and
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Fig. 11 Received waveforms (RCP: 7.5 GHz bandwidth) using transfer
function of specular path for both cases.

Fig. 12 Received waveform (RCP: 7.5 GHz bandwidth) using transfer
function of Bragg scattering for case A.

Bragg scattering. As we can see, it is quite different from the
original waveform shown in Fig. 9(a). It has a low correla-
tion value with the transmitted waveform because only the
high frequency component is received by the receiver. Its
long delay spread may destroy path detection and affect the
system.

Figure 13 shows the GP received waveforms of specu-
lar path for both cases, both waveforms are similar to the
original waveforms shown in Fig. 10(a) but the received
power in case A is lower than in case B, because power of
case A was reduced by Bragg scattering. In addition, the an-
tenna characteristics cannot be observed clearly compared
to the RCP received waveforms.

Figure 14 shows the GP received waveform of Bragg
scattering. It has a high correlation value with the transmit-
ted waveform, so that it is different from the the fullband
case (Fig. 12), but the delay spread should also be consid-
ered in the system performance.

Fig. 13 Received waveforms (GP: 500 MHz bandwidth) using transfer
function of specular path for both cases.

Fig. 14 Received waveform (GP: 500 MHz bandwidth) using transfer
function of Bragg scattering for case A.

5. Variation of the Period of Periodic Structure

Since Bragg scattering also depends on the period of pe-
riodic structure d, the question is how Bragg scattering
may deteriorate UWB waveforms and degrade UWB trans-
mission performances by changing the period of periodic
structure d. We use the theoretical analysis instead of us-
ing experiments because it is too difficult to find spacing-
changeable window blinds. The theoretical analysis based
on Eq. (2) was simulated by changing the value d from 3.0 to
6.0 cm, and its results are shown in Fig. 15. Note that Bragg
scattering can only be observed for d larger than 1.9 cm, as
this relates to the frequency range from 3.1 to 10.6 GHz and
the incident angle setup. From Fig. 15, we can see that the
number of Bragg scattering increased when the periodic dis-
tance gets bigger. This increased number of Bragg scatter-
ing will affect the specular path more and will severely de-
grade UWB transmission performances.
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(a) d = 3.0 cm. (b) d = 4.0 cm.

(c) d = 5.0 cm. (d) d = 6.0 cm.

Fig. 15 Bragg scattering theoretical analysis for the different period of
periodic structure d.

6. Conclusion

In this paper, the effects of Bragg scattering on UWB sig-
nal transmission from periodic surfaces were reported. The
frequency dispersive property of Bragg scattering was the-
oretically and experimentally confirmed and the effects of
Bragg scattering on DS-UWB transmissions were discussed
based on simulation results. For specular path, only the
waveform of full band signal pulses may be affected when
some parts of the waveform’s spectrum are deteriorated by
Bragg scattering which depends on the period of the peri-
odic rough surface, and the waveform of limited band signal
pulses may not be deteriorated by Bragg scattering, although
its gain may be reduced. For Bragg scattering components,
only the waveform of full band signal pulses may be affected
by Bragg scattering, and the waveform of limited band sig-
nal pulse may not be deteriorated. But the delay spread for
both full and limited band signal pulses should be consid-
ered. For future work, we plan to consider about changing
the angle of blind and polarization, so that the variable gain
due to different angle of blind may be observed.
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