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Optical Generation of Binary Phase-Coded
Direct-Sequence UWB Signals Using a
Multichannel Chirped Fiber Bragg Grating
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Abstract—A novel technique to generate binary phase-coded,
direct-sequence ultra-wideband (DS-UWB) signals in the optical
domain is proposed and demonstrated. In the proposed system,
the wavelengths from a laser array are modulated by a Gaussian
pulse, which is sent to a multichannel optical frequency discrim-
inator, to generate a UWB monocycle or doublet pulse sequence
with a predetermined phase-code pattern. By tuning the wave-
lengths of the laser array, or by tuning the states of polarization
of the wavelengths, the generated pulse shape and code pattern
can be changed. The key device in the system is the multichannel
dispersive chirped fiber Bragg grating (FBG), which functions,
in combination with a dispersive fiber, as a multichannel fre-
quency discriminator with a step-increased group-delay response,
to ensure the generated UWB sequence to have uniform time
spacing among the chips and to compensate for the fiber-induced
chromatic dispersion. The proposed scheme is experimentally
demonstrated. A multichannel chirped FBG is designed and
fabricated. Binary phase-coded DS-UWB signals with different
code patterns are experimentally generated.

Index Terms—Direct sequence (DS), fiber Bragg grating (FBG),
phase coding, ultra-wideband (UWB).

I. INTRODUCTION

ECENTLY, the generation and distribution of ultra-wide-

band (UWB) signals in the optical domain, to take ad-
vantage of the low loss and broad bandwidth offered by optics,
has been a topic of interest. UWB, approved in February 2002
by the U.S. Federal Communications Commission (FCC) for
unlicensed use in a frequency band from 3.1 to 10.6 GHz,
has been considered a promising technology for short-range
high-data-rate wireless communications and sensor networks.
There are, in general, two types of UWB: the multiband UWB
and the direct-sequence UWB (DS-UWB). DS-UWB is one of
the most attractive techniques for UWB communications since
it is carrier free; therefore, there is no need for complicated
frequency mixers and local oscillators to down- or upconvert
the carrier frequency. In a DS-UWB system, information is
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represented by coded narrow pulses (in the order of a fraction
of a nanosecond) with very small duty cycle. Compared with
the conventional wireless communications technologies, UWB
has distinct advantages, such as immunity to multipath fading,
extremely short time duration, carrier free, low duty cycle, wide
bandwidth, and low power spectral density [1], [2]. In the past,
most of the efforts were focused on the generation of UWB
pulses to ensure that the power spectrum of the pulses satisfies
the FCC-specified spectral mask. For wireless communications
and sensor networks, to support multiple -user communications,
the UWB pulses should be encoded [3]. The direct-sequence
code-division multiple-access (DS-CDMA) technique has been
widely used in modern wireless communications systems to
support multiple-user communications. In a DS-CDMA system,
the users share a common frequency band, but the signals are
distinguishable from each other since each user is assigned a
specific orthogonal code, which can be detectable at a receiver
by matched filtering. The same concept can be applied to an
impulse UWB communications system to support multiple-user
communications [4].

On the other hand, due to the low-power density regulated
by the FCC, the UWB communication distance is limited to a
few to tens of meters. Such a short-range wireless network can
operate mainly in indoor environments in a stand-alone mode,
with a nearly nonexistent integration into the fixed wired net-
works or wireless wide-area infrastructures. New technologies
are highly desirable to offer availability of undisrupted service
across different networks and eventually achieve high-data-rate
access at any time and from any place. The convergence of
optical and UWB technologies, to distribute UWB signals over
fiber, or UWB over fiber, would be a promising solution. In
addition, the generation of UWB pulses in the electronic do-
main is rather expensive and difficult, especially for UWB
pulses with a fractional bandwidth greater than 100% [5]-[7].
Optical signal processing technology has been well developed
currently. The generation and processing of UWB signals in
the optical domain can benefit from the huge bandwidth offered
by optics. As a result, UWB-over-fiber technology has been
a topic of interest recently [8]-[17]. Among the techniques
proposed recently, only UWB pulse generation has been inten-
sively investigated. For a communication network that supports
multiple-user communications, the impulse UWB pulses must
be encoded with one user having a specific code, the encoded
multiuser signals are distributed via optical fiber to the base
stations and radiate to free space. At a UWB receiver, the
specific code would be decoded through matched filtering.
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We have recently proposed and demonstrated an approach to
optical generation of binary phase-coded DS-UWB signals [18].
In the proposed approach, a fiber Bragg grating (FBG) array
was used as a multichannel frequency discriminator, to perform
phase modulation to intensity modulation (PM-IM) conversion,
leading to the generation of a bipolar UWB code. The temporal
separation of the code chips is dependent on the physical separa-
tion of the FBGs in the array. The desired bipolar code pattern
is obtained by locating the optical carriers at the left or right
slopes of the FBG reflection spectra. The major limitation of
the approach is that the FBGs with different Bragg wavelengths
in the array were fabricated in a fiber. The FBGs are physically
separated with identical spacing, which leads to the FBG array
to have a long length when the code pattern has many chips,
and the system will be bulky with low stability. In addition, the
spectral uniformity of the long FBG array is hard to control since
the writing process involves multiple FBGs with multiple phase
masks.

To avoid using an FBG array, we have recently demonstrated
a technique to use a multichannel chirped FBG for UWB pulse
encoding [19]. A proof-of-concept experiment was performed.
To have a better understanding of the technique, especially the
design and the fabrication of the multichannel chirped FBG, we
believe that an in-depth theoretical analysis with experimental
verifications is necessary. In this paper, we perform a detailed
study of the technique using a multichannel chirped FBG to gen-
erate and distribute binary phase-coded DS-UWB signals for
multiple access communications. The key device in the system
is the multichannel chirped FBG, which is designed based on the
spectral Talbot effect [20], [21] and has a high-channel-count
multichannel dispersion response with good spectrum unifor-
mity. The use of the multichannel chirped FBG to generate bi-
nary phase-coded monocycle and doublet sequences are exper-
imentally demonstrated.

The remainder of the paper is organized as follows. In
Section II, the principle of the proposed UWB coding technique
is discussed. The design and fabrication of the multichannel
chirped FBG is presented in Section III. The experimental
results are presented in Section IV. Four-chip binary phase
coded monocycle and doublet sequences with different code
patterns are experimentally demonstrated. In Section V, an al-
ternative architecture that uses a polarization modulator (PolM)
to replace the phase modulator to achieve tunable UWB code
generation using fixed optical wavelengths is proposed and
investigated. A conclusion is drawn in Section VI.

II. PRINCIPLE

Many approaches have been proposed and demonstrated for
the optical generation of UWB pulses. Generally, Gaussian
monocycle or doublet pulses, which are considered excellent
pulse candidates for UWB communications, can be generated
by implementing the first- or the second-order derivative of a
Gaussian pulse [12]. A simple technique to perform the first- or
the second-order derivative is to implement phase modulation
in a phase modulator and PM-IM conversion in a first- or a
second-order frequency discriminator [13] to generate a UWB
monocycle or doublet if the input pulse is a standard Gaussian
pulse. The frequency discriminator could be an FBG or an
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Fig. 1. Proposed UWB coding system. PM: Phase modulator; PD: photode-
tector; FBG: fiber Bragg grating.

optical filter with a spectral response having linear or quadratic
spectral slopes [13]. By locating the phase-modulated optical
carrier at the linear or the quadratic slope of the FBG reflection
spectrum, a Gaussian monocycle or doublet pulse would be
generated. The polarity of the UWB pulses can be switched if
the location of the optical carrier is switched between the left
or right slope of the FBG reflection spectrum. A theoretical
analysis on an FBG-based frequency discriminator has been
presented in [16], in which the FBG was used as a first- or a
second-order frequency differentiator.

Being similar to the conventional DS-CDMA encoding
scheme, a binary phase-coded DS-UWB sequence is a UWB
sequence multiplied by a pseudorandom sequence. In this
paper, the UWB sequence is generated based on optical phase
modulation and PM-IM conversion. For a phase-coded UWB
signal with a chip length of NV, a light source with N wave-
lengths are required. The N wavelengths are phase modulated
by a Gaussian pulse train. The phase encoding is realized
by using a multichannel chirped FBG which acts as a multi-
channel frequency discriminator. When the phase-modulated
optical carriers are reflected by the multichannel chirped FBG,
depending on the locations of the carriers at the left or right
slopes of the FBG reflection spectra, a binary phase-coded
UWB sequence is generated. The proposed system is shown
in Fig. 1. The output from the laser array with N wavelengths
is phase modulated by a phase modulator, which is then sent
to a specially designed, multichannel chirped FBG. To ensure
that the optical carrier at the left or right slope of the reflec-
tion spectrum of a specific FBG have identical time delays,
the group-delay response within the spectrum of a specific
FBG must be controlled to be a constant. This is achieved in
this paper by connecting the multichannel chirped FBG with
a length of dispersive fiber that has an opposite dispersion,
leading to a step-increased group-delay response, as shown in
Fig. 2. The encoded UWB signal is then sent optically to the
base station, which is converted to an electrical signal by a
photodetector and radiated to free space via a UWB antenna.

As shown in Fig. 2(a), by locating the wavelength of the op-
tical carriers at the left or right, linear or quadratic slopes of the
FBG reflection spectral response, a UWB code with the desired
shape and phase pattern is generated. It should be noted, how-
ever, to generate a UWB sequence with identical time-delay dif-
ference between adjacent UWB pulses, a step-increased group-

Authorized licensed use limited to: University of Ottawa. Downloaded on November 22, 2008 at 13:14 from IEEE Xplore. Restrictions apply.



DAI AND YAO: OPTICAL GENERATION OF BINARY PHASE-CODED DS-UWB SIGNALS USING A MULTICHANNEL CHIRPED FBG

Phase pattern: 0, =n, w, 0

Wavelength pattern: A, Az,

z
& &
> £
2 =]
S a
~ 3
=
<
Wavelength
(a)
o )
= FBG Fiber
=
S INNNNNN =
8
Wavelength
(b)

Fig. 2. Principle of the proposed UWB phase coding scheme. (a) Frequency re-
sponse of the multichannel frequency discriminator. UWB pulses with different
shapes and phases are generated when the optical carriers are located at the
linear or quadratic, left or right slopes of the multiple reflection bands. A UWB
sequence with identical temporal chip spacing is ensured by the step-increased
group-delay response of the discriminator. (b) Step-increased group-delay re-
sponse is generated by a multichannel chirped FBG in combination with a length
of dispersive fiber.

13 &
g |4 - 1555 2
= 2 1TLN P
'«_g K -1550?D
cH - &
E ‘ -1545"5
2 o AXHLANAMAARRAARRANANANANAAT ™ =
T o0 25 50 =

Grating length (mm)

Fig. 3. Index modulation (solid line) and the Bragg wavelength distribution
(i.e., the chirp; the dotted line) of the proposed multichannel FBG.

delay response is required. Although a dispersive fiber can be
used to generate different time delays for different wavelengths,
it will generate unequally spaced time delays because the wave-
lengths are nonuniformly spaced, as can be seen from Fig. 2(a).
To maintain an identical time delay for an optical carrier at ei-
ther the left or right slope of a specific FBG reflection spectrum,
the group delay should be maintained unchanged, as shown as
the dotted line in Fig. 2(a).

The step-increased group-delay response can be generated
using a specially designed FBG with a multiband dispersion
response in combination with a dispersive fiber, as shown in
Fig. 2(b). It is known that a multiband chirped FBG has a linear
dispersion within each band, but with no [22] or small [20]
group-delay difference between the channels. Therefore, if the
chirped FBG is connected with a dispersive fiber to cancel the
in-channel dispersion of the FBG, a multichannel frequency dis-
criminator with a step-increased group delay would be achieved,
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Fig. 4. (a) Calculated reflectivity and group-delay responses of the largely
chirped sampled FBG with the structure illustrated in Fig. 3. (b) Group-delay
response of the FBG connected with 25-km standard single-mode fiber.
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Fig.5. Measured reflectivity and the group delay of the fabricated multichannel
chirped FBG.

as shown in Fig. 2(b). The group-delay difference between ad-
jacent channels is then

T=AAXd, (1

where A is the channel spacing of the FBG and d,, is the dis-
persion of the dispersive fiber. To compensate for the in-channel
dispersion, the in-channel dispersion of the FBG should have an
opposite dispersion —d,,.

III. GRATING DESIGN

The multichannel chirped FBG is designed based on the spec-
tral Talbot effect [20], in which the desired FBG is a sampled
FBG fabricated using a phase mask with a large chirp. This ap-
proach has the advantage that the desired large multichannel
dispersion response could be easily achieved by a commercial
phase mask with a large chirp rate, and the in-channel disper-
sion could be designed to have different values using the same
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Fig. 6. Phase-coded monocycle (left) and doublet (right) sequences corresponding to different code patterns measured in the time domain.

phase mask by changing the sampling period, a technique that
is different from other techniques where the dispersion is deter-
mined by the mask only [21].

The multichannel chirped FBG based on the Talbot effect
has been investigated in [20] and [21]. For optical fiber com-
munications applications, the multichannel responses should be
designed to have spectral responses with flat tops and steep
slopes. In the proposed UWB encoding system, however, the
FBG should have multichannel spectral responses with linear
and quadratic slopes. A flat top is not required. As a result, the
phase shifts in [20], which are required in order to get a flat-top
spectral response, are not needed here. Therefore, the grating
is greatly simplified to be a largely-chirped FBG with uniform
sampling. Based on [20], the sampling period P of the sampled
FBG is

A
VC = C)y

where A is the grating period, C' is the chirp rate of the phase
mask, and Cj is the chirp rate corresponding to the induced

P= 2)

in-channel dispersion d,. The relationship between Cy and d,
is well known and can be described as [23]

3

where v is the light velocity in vacuum. In our design, A =
532.65 nm, C' = 0.82 nm/cm, Cy = 0.075 nm/cm, which cor-
responds to a dispersion of d, = 425 ps/nm (equivalent to the
dispersion of about 25-km standard single mode fiber), then the
sampling period P = 1.95 mm. In addition, in our approach
the FBG with a Gaussian spectral response in each channel is
suitable for the required first- and second-order frequency dis-
criminator. Based on [20] and [21], the apodization profile of
each sample can be simply a Gaussian function, which is much
easier to implement than a sinc function required for use in op-
tical communications systems. The index profile and the Bragg
wavelength distribution of the proposed multichannel FBG are
illustrated in Fig. 3. The apodization profile of each sample is a
Gaussian function with a full-width at half-maximum (FWHM)
of about 0.3 mm.
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Based on the well-known transmission matrix method [23],
the reflectivity and group-delay responses are calculated, which
are plotted in Fig. 4(a). If the FBG is connected with 25-km
standard single-mode fiber having a dispersion of 425 ps/nm,
the total group-delay response is then step-increased, which is
shown in Fig. 4(b).

In our experiment, the FBG is fabricated using a frequency-
doubled Argon-lon laser operating at 244 nm with a chirped
phase mask. The light from the UV laser has a Gaussian-shaped
power profile with an FWHM of about 0.3 mm. The FBG is
5 cm long, which is limited by the phase mask available. The
fabricated FBG is then measured using an optical vector an-
alyzer, with its spectral and group-delay responses shown in
Fig. 5. The channel spacing is 0.46 nm and the in-channel dis-
persion d,, is about 425 ps/nm.

It should be noted that there is a constant offset between the
group-delay responses of adjacent channels in the multichannel
chirped FBG designed based on the Talbot effect, as shown in
Figs. 4(a) and 5. The offset does not exist for FBGs made based
on phase-only modulation technology [21]. From the simula-
tion and experiment results, one could find that the group-delay
offset is much less than the in-channel dispersion, which comes
from the largely chirped phase mask used in the fabrication.
Since such an additional dispersion among channels d g is also
induced by the grating chirp, it can be calculated following (3)
as

_1
e

with the offset being equal to d,g x AA. Being different from
the in-channel dispersion, the dispersion among channels are
induced by the grating chirp C, which is much larger than Cy.
As aresult, the dispersion among channels is much less than the
in-channel dispersion.

Obviously, the above interchannel group-delay offset should
be considered when the multichannel chirped FBG is cascaded
by the dispersive fiber. In our design, the interchannel group-
delay offset is negative, as shown in Figs. 4(a) and 5. So the
group-delay difference between adjacent channels described by
(1) should be revised by taking into account the interchannel
delay offset, which is given

dpo “

7= AN x (d, — dy). (5)
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From [20] and [21], we can get that channel spacing is

o 2neﬂA2

A Iz

(6)
where n.g is the effective refractive index of the FBG. Then
based on (2)—(6), one can get the relationship between the
grating parameters and the desired group-delay difference
between adjacent channels in the step-increased group-delay
response (i.e., the desired time-delay difference between the
adjacent UWB pulses in the DS-UWB sequence)

== ™
v

AT —Co (11
= c, C

and the required fiber length, which is used to compensate for
the in-channel dispersion of the FBG, is

1
L =
’UOOD

®)

where D is the dispersion parameter of the fiber. In our design
standard single-mode fiber is used, which has a dispersion pa-
rameter D = 17 ps/nm/km at 1550 nm.
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Fig. 9. Phase coded monocycle (left) and doublet (right) sequences corresponding to different code patterns measured in the time domain. Different from the

results in Fig. 6, a PolM is used instead of a PM.

IV. EXPERIMENT

The proposed system shown in Fig. 1 is experimentally in-
vestigated. To demonstrate the concept, phase-encoded UWB
sequences with four chips are experimented. To generate a bi-
nary phase-coded UWB code with a code length of 4, four wave-
lengths should be used. The four wavelengths from the laser
array are sent to the phase modulator. An electrical Gaussian
pulse with an FWHM of about 63 ps [12] and a bit rate of 211
MHz generated by a bit error rate tester (BERT) is inputted to
a LiNbOj straight-line phase modulator. The Gaussian pulse is
spread to a code sequence with four chips, with each chip being a
positive or negative Gaussian monocycle or doublet, determined
by the location of the specific optical carrier at the left or right,
linear or quadratic slope of one of the multiple reflection bands
of the sampled FBG. The dispersive fiber in the experiment is
25-km standard single-mode fiber, with a total dispersion of 425
ps/nm. To ensure the generated UWB pulses are well separated
in time, we increase the time-delay difference between adjacent
UWRB pulses by using only the odd or even channels of the multi-
channel FBG, with a doubled channel spacing of 0.92 nm. Based
on (7) the time-delay difference between adjacent UWB pulses
is about 350 ps, corresponding to a chip rate of 2.86 GHz. In
our experiment, the wavelengths of the four tunable lasers are
adjusted such that UWB pulses with different shapes as well
as different phases corresponding to different phase coding pat-
terns are generated. Fig. 6 shows the generated UWB sequences.
In the experiment, a dc block is used after the PD to eliminate the
dc component in the generated UWB signals [15]. Obviously as

long as the wavelength of each laser diode is located within the
corresponding channel, the temporal position of the generated
UWB pulse will not change when the wavelength is tuned to
switch the shape or the phase of the UWB pulse, thanks to the
step-increased group-delay response.

To measure the spectrum of an individual UWB pulse, we
turn off three of the four tunable lasers. The entire system now
becomes a simple UWB impulse generator. A 13.5-Gb/s data se-
quence, which is generated from the BERT with a fixed pattern
of one “1” and 63 “0,” is sent to the phase modulator. The spectra
of the generated UWB monocycle and doublet are shown in
Fig. 7. The spectrum of the monocycle has a central frequency
of about 3.45 GHz, and a 10-dB bandwidth of about 8 GHz.
The doublet pulse has a central frequency of about 6.2 GHz and
10-dB bandwidth of about 8 GHz.

V. CODING BASED ON A POLM WITH FIXED WAVELENGTHS

In the above discussion, different phase coding patterns are
generated by tuning the wavelengths of the tunable laser array.
The use of tunable laser sources would make the system com-
plicated and costly. To avoiding using tunable laser sources, the
system shown in Fig. 1 is modified by replacing the phase mod-
ulator with a polarization modulator (PolM). The new system
configuration is shown in Fig. 8. The key difference between a
phase modulator and a PolM is that a PolM supports both TE and
TM modes while a conventional phase modulator only support
one single polarization mode. In addition, for the TE and TM
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modes, a PolM acts as a phase modulator with opposite modu-
lation indices [24]. Therefore, by adjusting the states of polar-
ization of the wavelengths to the PolM, we could achieve the
desired phase coding pattern at the output of the multichannel
frequency discriminator. The states of polarization in the system
are controlled by four polarization controllers (PCs) which are
connected between the laser array and the PolM.

By controlling the states of polarization of the wavelengths
from the laser array, we obtain the desired phase coding pattern.
The experiment results are shown in Fig. 9, where phase coded
UWB monocycle and doublet sequences are generated.

VI. CONCLUSION

We have proposed and experimentally demonstrated a
novel technique to implement bipolar UWB pulse coding, in
which a multichannel chirped FBG was used, in combination
with a dispersive fiber, to produce a multichannel frequency
discriminator with a step-increased group-delay response.
Binary monocycle or doublet sequences with the desired phase
coding patterns were generated by applying a phase-modulated
Gaussian pulse train to the multichannel frequency discrimi-
nator. We demonstrated that by locating the wavelengths from
the laser array at the left or right, linear or quadratic slopes
of the reflections bands of the multichannel FBG, one can get
the DS-UWB sequence with the desired phase code pattern.
Thanks to the step-increased group-delay response of the en-
coder, the time-delay difference between adjacent UWB pulses
remains unchanged when the wavelengths are tuned. To avoid
using a tunable laser array, a simplified configuration using a
PoIM to replace the phase modulator was also proposed and
experimentally demonstrated. Different phase coding patterns
were generated by simply tuning the states of polarization of
the wavelengths sent to the PolM. In both cases, the dispersion
of the dispersive fiber was compensated by the multichannel
chirped FBG; therefore the distortion of the generated UWB
pulses due to the fiber dispersion was eliminated [25].
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