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Abstract—We experimentally demonstrate a novel photonic
ultra-wideband (UWB) transceiver with pulse spectral efficiency
of 50.97% and transmission speed up to 3.125 Gb/s. The UWB
generator only consists of a highly nonlinear fiber (HNLF) and
a commercial arrayed-waveguide grating (AWG). By using the
concept of multiple cross-phase modulation in the HNLF and
multiple phase modulation to intensity modulation conversions
in the AWG, a power-efficient UWB pulse is combined with
incoherent summation of two asymmetric monocycle pulses with
inverted polarities. Benefiting from the ultra-fast response of fiber
nonlinearities in the HNLF, on—off keying encoded UWB signals
generated at 781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s are all
error-free transmitted through a 22.5-km single-mode fiber (SMF)
with power penalties lower than 1 dB. The bit-error rate is directly
measured on down-converted baseband signals by using optical
full rectification and electrical low-pass filtering technologies. The
measured electrical spectra before and after 22.5-km SMF link
transmission both fully comply with the spectral mask specified
by the U.S. Federal Communications Commission (FCC) without
power attenuation.

Index Terms—Microwave photonics, nonlinear signal pro-
cessing, ultra-wideband (UWB)-over-fiber, wireless technology.

1. INTRODUCTION

MPULSE radio-based ultra-wideband (UWB) technology
I with capabilities of high-speed wireless transmission and
extremely low radiated power has potential applications in
broad areas, e.g., high-speed indoor wireless personal area
networks (WPANs), medical industry, sensor networks, and
the military. The U.S. Federal Communications Commission
(FCC) has approved unlicensed use of the frequency range
from 3.1 to 10.6 GHz with radiated signal power density lower
than —41.3 dBm/MHz in 2002 [1].
The relatively low radiated power density is critical for nonin-
terference operation with other wireless technologies coexisting
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in such broad spectral range. Therefore, the FCC has specified a
spectral mask to balance the utilization of the sponsors of varies
wireless technologies. As a result, a tradeoff between the total
radiated power and the power attenuation to comply with the
FCC spectral mask emerges. This specification is reflected by its
pulse spectral efficiency defined in [2] as the average power of
pulse normalized by the total admissible power under the FCC
mask within the frequency range of the UWB antenna, gener-
ally under 14 GHz. As a result, a UWB pulse with high spec-
tral efficiency resulting in high power efficiency without power
attenuation to respect the FCC mask is highly desired to effec-
tively utilize the allowable radiated power in the budget. On the
other hand, such budget radiated power also limits the operation
in the immediate area (<10 m) lacking in the capability of pen-
etration of walls. To address this shortcoming, UWB-over-fiber
technology is proposed to take advantages of low loss in optical
fiber-link transmission and the only limitation is the bandwidth
of optical—¢lectrical (O/E) conversion [3]. As a result, photonic
generation of UWB pulses is considered an effective approach
to interconnect the infrastructures of UWB communication sys-
tems in optical and electrical domains and has been reported
extensively in recent years [2]-[19].

Over the past few years, extensive reports have focused on
the photonic generation of lower derivative of Gaussian pulses,
e.g., monocycle and doublet pulses [4]-[14]. These approaches
can be divided into two categories. Phase modulation to inten-
sity modulation (PM-IM) conversion is a well-known technique
that by using a frequency discriminator, either a monocycle or
doublet pulse can be recovered if the phase modulated optical
carrier is located at either the two oppositely linear slopes or
the quadrature slopes of a fiber Bragg grating (FBG) [4]-[7].
Alternatively, via a combination of two Gaussian pulses either
by constructively or destructively coherent summation or inco-
herent summation, UWB pulses can also be obtained [9]-[14].
These low derivative of Gaussian pulses are relatively simple in
generation and have center frequencies in the specified range.
However, these pulses violate the FCC spectral mask in the
low-frequency domain, especially in the notch of the global
positioning system (GPS) band (1575 MHz) where a 34-dB
power suppression ratio comes into a challenge for all UWB
pulses. As a result, power attenuation is required to respect the
FCC spectral mask in this frequency range. It is also noted,
among these approaches, active-device-based schemes, e.g.,
semiconductor optical amplifiers (SOAs) and distribution feed-
back (DFB) lasers, which may be negatively impacted by the
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slow carrier response due to the band-filling effect. As a result,
the corresponding spectra have distinct frequency components
in the low-frequency domain even in generating a UWB pulse
in the form of a high-order derivative of a Gaussian pulse [15],
[16]. On the other hand, the highly nonlinear fiber (HNLF) with
ultrafast response time inherited from the third-order suscep-
tibility (X(3)) has great potential in generating distortion-free
and high-speed UWB pulses [12], [17].

A power-efficient UWB pulse generator based on apodized
FBGs is reported recently [2], [18], [19]. By using the apodiza-
tion technique, arbitrary UWB waveforms can be generated.
With optimized design, the generated UWB pulse exploiting
spectral efficiency as high as 63.6% is measured in the experi-
ment. This technique is precise in pulse shaping and efficient in
spectrum utilization. However, such an approach with complex
experimental setup is at the risk of heavy burden for practical
implementation if a balanced receiver end is also included.

In our recent report, we experimentally demonstrated a novel
UWB pulse generator based on an HNLF and a commercially
available arrayed-waveguide grating (AWG) [21]. Larger
than 11.5- and 6-dB improvement on optical signal power
compared with monocycle and doublet pulses was achieved,
respectively. In this paper, we experimentally demonstrate
a high-speed power-efficient UWB transceiver generating a
UWB pulse based on the same technique we performed in
[21]. FCC-compliant UWB signals are transmitted at three bit
rates of 781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s following
a pattern of a 2” — 1 pseudorandom binary sequence (PRBS)
through a 22.5-km single-mode fiber (SMF) link. In the receiver
end, the power-efficient UWB signal is directly measured and
evaluated in a low speed bit-error rate tester (BERT) after
down-conversion to baseband signals by using optical full-rec-
tification and electrical low-pass filtering technologies.

This paper is organized as follows. The principle and theoret-
ical investigation on UWB pulse shaping of our scheme is first
introduced in Section II. The experimental setup and the experi-
mental results are given in Section III. In Section IV, we discuss
and then conclude this paper.

II. PRINCIPLE

A. Design of FCC-Compliant UWB Pulse

The waveforms having potentials in efficiently exploiting the
FCC spectral mask can be expressed by [2]

p(t) = 3 wlnlg(t — nTy) M

where w[n] are L weight coefficients, Ty is the pulse spacing,
and g(¢) is the Gaussian monocycle. It is investigated in [2] that
the FCC-compliant UWB pulse without power attenuation re-
quires L at least equal to 7. For lower order terms, L = 2,3,
for instance, the spectral efficiency of the generated monocycle
pulses and doublet pulses are relatively low. Note that this in-
vestigation is restricted to summation of symmetric monocy-
cles. In the scheme of PM-IM conversion, a transient state leads
pulse-shape conversion to a monocycle-like pulse when the op-
tical carrier is located at a linear slope of the transfer function of
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a detuned filter. Furthermore, if the optical carrier detuned fur-
ther to either edge of the the linear slope, an asymmetric mono-
cycle pulse with an equal upper and lower pulsewidth, but ad-
justable amplitude, can be achieved. Such asymmetric mono-
cycle pulses have even undesirable frequency components in
low frequency regime. However, by incoherent summation of
a pair of polarity opposite asymmetric monocycle pulses with
opposite polarity and appropriate time delay, an FCC-compliant
UWB pulse with a temporal waveform satisfying (1) for L = 7
can be achieved.

B. Theory and Simulation

The previously described generation of an FCC-compliant
UWB pulse consists of multiple PM-IM conversions. In our
scheme, multiple phase modulation is achieved by XPM in an
HNLEF, while multiple PM-IM conversions are realized by using
a commercially available AWG.

1) Multiple XPM: By pump-probe interaction in an HNLF,
the pulsed pump light introduces XPM on probe beams in an
HNLF. The pump wavelength avoid being located in the anoma-
lous group-velocity dispersion (GVD) regime near the zero-dis-
persion wavelength (ZDW) of the HNLF to eliminate cross-gain
modulation (XGM) in our scheme [13], [17]. The propagation of
the pump and probe light along the fiber transmission direction
z is governed by the multiple coupled nonlinear Schrédinger
(NLS) equations, given by [22]

8Ej 1 8Ej Lﬂgj 82E]' OéjE]'
0z wg; Ot 2 0t 2
=i | ylIE+2> wlEl | B (@
k#j

where E; are the slowly varying electric field envelopes of the
pump (j = 1) and two probe lights (j = 2, 3). v, are group ve-
locities, B2; are GVD coefficients, a; are the loss coefficients,
and -, are the nonlinear parameters of the HNLF of the cor-
responding components j. In our scheme, due to the incoherent
summation of two optical sources, two probe lights are required.
However, in the simulated results, we find the influence of two
probe lights on each other is limited due to this relatively weak
power compared with that of the pump light.

2) Multiple PM-IM Conversions: By the principle of well-
known PM-IM conversion, a phase modulated optical carrier lo-
cating at the linear slopes of a transfer function of a frequency
discriminator leads to PM-IM mapping. In a pulsed pump in-
duced XPM along an HNLEF, the pulse leading edge induced red
shift and the pulse trailing edge induced blue shift on the probe
light are symmetric to each other. As a result, a linear mapping
function lead to symmetric derivative of Gaussian pulses, i.e.,
monocycle pulses. However, if the optical carrier is located at
the edges of the linear slopes of the transfer function, asym-
metric monocycle pulses are recovered. The waveform recovery
can be described by

Epi(t) = F~' {Hawc(w) - F[Ei(t, L)]} 3)

where ¢ = 1,2 denotes the probe light. L is the length of the
HNLF. H awec is the transfer function of an AWG. F and F !
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Fig. 1. Mandatory optical power attenuation in decibels for different wave-
length detuning with respect to the FCC spectral mask. Chl and Ch2 are two
independent AWG channels for incoherent superposition.

denote the Fourier and inverse Fourier transform notation, re-
spectively. In our scheme, the Gaussian transfer function for
each individual channel is assumed. Thus, the transfer function
of the AWG is given by

W — Wg

2
Mo =2 Heu() = e [‘”“@) (5) ]
“4)

where k is the number of channels in consideration, and
Aws gB i is the 3-dB bandwidth of the kth channel.

3) Simulation and Optimization: Numerical simulation is
based on (2)—(4). A commercially available AWG with an ITU
50-GHz spacing grid and 40-GHz 3-dB bandwidth is consid-
ered in our simulation. The simulation follows the process that
two probe lights with identical continuous wave (CW) optical
power is used as the UWB optical carriers. The peak power of
the pulsed pump light co-propagated with the probe light in the
HNLF is then estimated in order to achieve 7 phase shift on the
both probe light. The time delay between the two asymmetric
monocycle pulses are optimized to satisfy the pulse duration of
the FCC-compliant UWB pulse designed in Section II-A. Fi-
nally, the wavelength detuning of the two probe lights relative
to the two individual channels, respectively, are summarized in
a 2-D map to estimate the compliance of the converted UWB
pulse with the FCC spectral mask, as shown in Fig. 1. The
overflow is defined as the minimum optical power required to
be mandatorily attenuated to completely comply with the FCC
spectral mask. According to this definition, the optimized wave-
length detuning comes from where zero overflow is found. We
will show in Section III that the designed FCC-compliant pulse
matches very well with that measured in the experiment both in
the time and frequency domains with the optimized wavelength
detuning evaluated in simulation.

It is noted that, in a fully fledged UWB-over-fiber transmis-
sion system with a wireless link, the transmitted power, i.e.,
equivalent isotropic radiated power (EIRP), which considers the
response of the UWB antenna, should comply with the FCC
spectral mask instead. However, the wireless path is beyond the
scope of this frame of study. As a result, the three data rates of
781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s under testing would
rather be considered as the preliminary estimation of the poten-
tially maximum speed of the system. The competence for a real

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 11, NOVEMBER 2010

transmission system could then be evaluated after including the
wireless path with a multipath fading effect.

III. EXPERIMENT AND RESULTS

Our power-efficient UWB transceiver mainly consists of
three building blocks, namely, generation and encoding, trans-
mission, and receiver end. Air link is not considered in this
stage.

A. Generation and Encoding

In Fig. 2, the experimental setup for FCC-compliant UWB
pulse generation is shown. The principle and experimental setup
are the same as we reported recently by employing the tech-
nique of multiple PM-IM conversions [21]. The inset of Fig. 2
shows the probe wavelengths located at different positions of
the transfer function of the AWG channel led to the recovery
of different polarities of asymmetric monocycles. In our case,
channel 1 (191.4 THz) and channel 5 (191.6 THz) were used
due to dense channel spacing of the AWG available. In any case,
using adjacent channels should be avoided to reduce channel in-
terference, especially for the detuning operation.

A digital communication analyzer (DCA), Agilent Infiniium
DCA 86100A and an electrical spectrum analyzer (ESA),
Agilent E4440A, with available bandwidth of 3 Hz to 26.5 GHz
were employed to measure the waveforms and spectra of the
generated UWB pulses after two photodiodes (PDs), respec-
tively. After optimizing the two probe wavelengths toward the
designed spectrum and waveform we discussed in Section II,
an FCC-compliant UWB spectrum and pulse shape had been
experimentally achieved, as shown in Fig. 3(a) and (b), re-
spectively. Every one per 125 bits with a 12.5-GHz clock
source resulting in an equivalent repetition rate of 100 MHz
was used for UWB pulse generation. A well-matched spectra
and waveforms between theoretical design and experimental
measurement were observed. The slight deviation of the spec-
tral components in the low-frequency domain (<1 GHz) was
mainly due to the minor fluctuation of the UWB pulse tail
originated from the pump pulse. However, it still scrupulously
complied with the FCC spectral mask. The measured spectral
efficiency within 3.1-10.6 GHz was approximately 50.97%.
The probe light with optimized wavelengths of 1564.461 and
1566.223 nm were measured in the optical spectrum analyzer
(OSA) before and after the AWG, as shown in Fig. 4(a) and (b),
respectively. The Gaussian transfer functions of the two AWG
channels plotted over the optical spectra of the two probe light
further indicated the detuning of the two probe wavelengths,
as shown in Fig. 4(a). Fig. 4(b) shown the optical spectra after
channel filtering were asymmetric and the proportion of probe
power changed as well.

B. Transmission

The transmission link consisted of a 22.5-km-long SMF and
4.4-km-long matched dispersion compensating fiber (DCF). In
our scheme, the difference of the two probe wavelengths was
approximately 2 nm. As a result, the walk-off effect should be
considered for long-distance transmission. In our experimental
demonstration, a precise dispersion compensation for the oper-
ating wavelengths was carefully selected to prevent walk-off.
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Fig. 3. Measured and designed: (a) electrical spectrum. (b) Corresponding FCC-compliant pulse.

In addition, the EDFA3 was used between the SMF and DCF
to approximately compensate the 15-dB fiber loss in the trans-
mission link, which included the cascaded variable bandwidth
tunable bandpass filter (VBTBPF) while setting the bandwidth
to 2 nm to filter the two probe wavelengths.

It is noted that, if the wireless link with a pair of UWB an-
tennas is also considered, the setup before the low-noise ampli-
fier (LNA) should be also included in the transmission link. In
that case, not only the response of the UWB antenna, but also
the multipath fading effect, will further degrade the transmis-
sion performance as well. These extended issues, however, not
discussed here, was still illustrated via a dotted-line box to show
the system’s integrity.

C. Receiver

Extensive reports focused on the generation of UWB pulses
in recent years. However, only a few reports evaluated the per-

formance of the whole UWB-over-fiber system. A digital signal
processor (DSP) technology by bit-to-bit comparison is exper-
imentally demonstrated in [15], [16], and [23]. This technique
gives high sensitivity and is minimally dependent on signal-to-
noise ratio (SNR). However, a very high-speed digital sampling
oscilloscope (DSO) is required. By using an electrical local os-
cillator (LO), the UWB signal with central frequency around
5 GHz is also down-converted to the baseband signal for di-
rect measurement [24]. However, this technique obviously in-
troduces a power penalty due to a broad UWB spectrum. The
optical full-rectification technique used in [18] for UWB signal
evaluation is attractive by using a pre-biased LiNbO3-based am-
plitude modulator (AM2) designed for 20 Gb/s, as shown in
Fig. 2. It maintains the signal power for more precise evalu-
ation compared with the half-rectification technique by using
an electroabsorption modulator (EAM). In our scheme, we fol-
lowed this technique and measured the power penalty for the
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Fig. 5. Measured: (a)—(c) eye diagrams of FCC-compliant pulses. (d)—(f) Cor-
responding electrical spectra at 781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s, re-
spectively, in back-to-back configurations.

previously mentioned fiber transmission link at the bit rates of
781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s.

In our receiver end, as shown in Fig. 2, the incoming UWB
pulse was first detected by the PD3. The detected signal was
then electrically amplified by an LNA with electrical bandwidth
of 45 GHz to maintain the pulse shape. The AM2 was pre-bi-
ased to shift the dc working point to the valley of the modula-
tion function. As a result, a full rectification on the modulated

optical signal emitting from a DFB laser at 1550 nm (A4, as
shown in Fig. 2) was achieved. The EDFA4 after the AM2 was
used to compensate the loss and maintain the optical power after
the TBPF to be 3 dBm. An avalanche photodiode (APD) with
bandwidth of 6.5 GHz and a low-pass filter with 3-dB cutoff
frequency of 3.74 GHz were used to detect the fully rectified
signal and performed as an integrating circuit simultaneously.
The second BERT, Agilent 70842A, was synchronized by the
clock source divided by 2" (n = 2,3,4) and used to evaluate
the signal.

The FCC-compliant UWB pulse with a repetition rate of
100 MHz measured in Fig. 3 proves that our generated UWB
signal can be operated at any bit rate lower than the recip-
rocal of pulse duration of approximate 320 ps without power
attenuation to respect the FCC spectral mask. As previously
mentioned, benefiting from the ultrafast response of the HNLF,
distortion-free UWB pulses can be generated. The UWB bit “1”
consists of “1000 0000 0000 0000 and UWB bit “0” consists
of “0000 0000 0000 0000,” resulting in an equivalent bit rate of
781.25 Mb/s (12.5 Gb/s divided by 16), following a pattern of
27 — 1 PRBS were transmitted, while the corresponding pump
power was increased to 11.09 dBm. Similarly, equivalent bit
rates of 1.5625 Gb/s (12.5 Gb/s divided by 8) and 3.125 Gb/s
(12.5 Gb/s divided by 4) with each encoding bit length of 8
and 4 were used, respectively. The corresponding pump power
was also increased to 14.55 and 18.32 dBm, respectively,
to maintain the same modulation depth. The eye diagrams
of generated pulses and the corresponding electrical spectra
were immediately measured in back-to-back configurations,
as shown in Fig. 5(a)—(f), respectively. It is obvious that the
UWRB signals transmitted at three different bit rates are all
fully compliant with the FCC mask. The power level slightly
above the FCC mask beyond 12 GHz at 781.25 Mb/s will be
eliminated by the UWB antenna. The eye diagrams of the signal
transmitted at 781.25 Mb/s and 1.5625 Gb/s are very clear.
However, the eye diagram for the UWB signal at 3.125 Gb/s is
slightly overlapped due to minor fluctuations in the tail of the
pulse previously mentioned, which will introduce additional
power penalties in the receiver end. It will be explained in the
following paragraphs.

The FCC-compliant UWB signals after 22.5-km SMF link
transmission were measured both in the time and frequency do-
mains, as shown in Fig. 6(a)—(c) and (d)—(f), respectively. It is
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Fig. 6. Measured: (a)—(c) eye diagrams of FCC-compliant pulses. (d)—(f) Cor-
responding electrical spectra at 781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s re-
spectively after 22.5-km SMF link transmission.

noted that EDFA3 and VBTBPF are not used here. Compared
with the results measured in Fig. 5(a)—(f), it is clear that the in-
fluence of the fiber transmission link on the UWB pulse shape
and spectra is minimal. The electrical spectra after the fiber link
transmission all fully comply with the FCC mask at three dif-
ferent speeds.

In the receiver end, the received UWB signals were used to
intensity modulate an optical carrier emitted from a fourth DFB
laser. The complex waveforms were measured by a wide band-
width PD, HP 83440D with a bandwidth of 32 GHz, as shown
in Fig. 7. It can be clearly identified that such a complex wave-
form is exactly the absolute amplitude deviated from the average
level (dc part) of the received UWB signals. The fluctuation in
the tail of the UWB pulse is also mitigated by AM2 due to the
sinusoidal modulation function.

For a fair comparison of different bit rates, the power of probe
wavelengths was maintained, as mentioned before, while the
pump power was fixed at 15 dBm at three different bit rates. In
this case, the probe wavelengths were slightly regulated within
£0.04 nm to maintain the spectra under the FCC mask. The
eye diagrams after down-conversion to baseband signals for di-
rect evaluation were shown in Fig. 8 without power attenua-
tion before PD3. The left column of Fig. 8 stood for a back-to-
back configuration, while the right column represented after
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the back-to-back configuration (solid) and after 22.5-km SMF link transmission
(unfilled), respectively.

22.5-km SMF link transmission. It was noted that with a clear
eye opening, the converted signal with pulse duration long com-
parable with the bit period led to degradation in the BER. The
unstable fluctuation in the tail of the pulse after conversion at
781.25 Mb/s was due to relatively wide bandwidth compared
to the bit rate. A low-pass filter with an even lower 3-dB cutoff
frequency would mitigate such instability.

The measured BER in the back-to-back configuration and
after 22.5-km SMF link transmission is shown in Fig. 9. It
is shown that the error-free level can be achieved when the
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received UWB optical signal power is —6.74, —6.26, and
—2.56 dBm at 781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s in the
back-to-back configuration, respectively. The power penalties
between 781.25 Mb/s and 1.5625 Gb/s are mainly due to the
different amplitudes of generated UWB pulses induced by the
fixed pump power at the two bit rates. However, an even larger
than 3-dB power penalty is introduced at 3.125 Gb/s. Such
a large power penalty is partly due to the above-mentioned
reason, and is also partly due to the pulse overlapping observed
in Figs. 5(c), 6(c), 8(c) and 8(f). However, the measured power
penalties between the back-to-back configuration and after
22.5-km SMF link transmission for the three different bit rates
are all less than 1 dB evaluated at the error-free level. The
slightly curved trends of the measured BER beyond 1 x 10™*
level are mainly due to the fact that the intensity applied to AM?2
was distant from the linear working region of the modulator,
and also due to the noise of the detector used.

IV. CONCLUSION AND DISCUSSION

We have theoretically investigated and experimentally demon-
strated a simple and robust high-speed power-efficient UWB
transceiver. The designed FCC-compliant pulse, which is fully
compliant with the FCC spectral mask with spectral efficiency
of 50.97%, was experimentally demonstrated. The UWB sig-
nals transmitted at 781.25 Mb/s, 1.5625 Gb/s, and 3.125 Gb/s
following a pattern of 27 — 1 PRBS can be error-free trans-
mitted through a 22.5-km SMF and 4.4-km DCF fiber link
with power penalties all less than 1 dB, while maintaining
their spectra to scrupulously respect the FCC spectral mask.
Our scheme only consisted of an HNLF and a commercially
available AWG, and without additional requirement of balanced
receiver structure required by the spectral tailing technique
[8], [18], [20]. Furthermore, a phase modulator (PM) would
be used to replace the HNLF and pump pulse with even simple
experimental setup and low cost if the PM could provide
enough phase shift before overdriven when distortion occurs.
Another issue of wavelength drifting of the two TLSs for
optical carriers should be carefully controlled by introducing
feedback circuits to eliminate influence from the environmental
change in practical applications. However, it is not obviously
observed in our experimental environment, and will be in-
vestigated in future.
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