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Abstract— We propose and experimentally demonstrate
a photonic generation scheme for multiband ultra-
wideband (MB-UWB) signal by employing a dual-drive
Mach–Zehnder modulator (DDMZM). In this scheme, four
electrical binary pulse streams with different bit rates are
combined to drive one radio frequency (RF) port of the
DDMZM, while the other RF port is modulated by the sum of
their 1-b delayed duplicates. By properly adjusting the bit rate
and the amplitude of each pulse stream, as well as the bias voltage
of the DDMZM, an MB-UWB signal with four sub-bands can
be obtained and the transmission capacity can be quadrupled.
The feasibility of the proposed scheme is verified by a system
demonstration, where the signal modulated by amplitude-phase-
shift-key format reaches a high bit rate of 2 Gb/s.

Index Terms— Ultra wideband (UWB), pulse modulation,
amplitude-phase-shift-keying (APSK) modulation.

I. INTRODUCTION

COMBINING the advantages of high bit rate, low power
consumption, and coexistence with other wireless com-

munication systems, ultra-wideband (UWB) has been consid-
ered as a promising solution for future short-distance wireless
access networks [1]. For unlicensed use of UWB signal
regulated by Federal Communications Commission (FCC), the
fractional bandwidth is 20% larger than the central frequency,
or the 10-dB bandwidth is at least 500 MHz in a frequency
range from 3.1 to 10.6 GHz. The spectral density is also
limited to below –41.3 dBm/MHz [2], [3]. The two types
of UWB signals, called impulse-radio UWB (IR-UWB) and
multiband UWB (MB-UWB) signals, exhibit different spectral
characteristics [4], as illustrated in Fig. 1(a). Compared with
IR-UWB signals, MB-UWB signals possess one or mul-
tiple narrow electrical sub-bands, permitting more efficient
bandwidth utilization and multiuser support [4], as shown
in Fig. 1(b). However, the communication coverage range of
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Fig. 1. (a) Electrical spectra of IR-UWB and MB-UWB signals.
(b) MB-UWB signals over fiber system for multiusers.

UWB signals is limited due to the low spectral density. For
that reason, UWB-over-fiber (UWBoF) technology has been
proposed and widely studied to extend signal’s transmission
distance via optical fibers [5]–[7]. Moreover, photonic gener-
ation of UWB signals exhibits attractive merits such as high
bandwidth, reduced system complexity, and low cost [8], [9].
It is therefore desirable to generate MB-UWB signals directly
in the optical domain.

Photonic generation of MB-UWB signals has been reported
by utilizing binary data streams from pulse pattern genera-
tors (PPGs) [10]–[13]. In [10], flexible MB-UWB signals were
obtained using synchronously-apodized polarization modula-
tion and birefringence-induced time delay. Another scheme
with large tuning range was realized with optical switches
based on polarization modulation [11]. A MB-UWB signal
generator was also demonstrated by employing an incoherent
optical source, three arrayed waveguide gratings (AWGs),
two electro-optical modulators, and a dispersive element [13].
However, these methods require complex system architectures
and costly devices. Furthermore, the generated MB-UWB
signals possess one single sub-band, resulting in limited trans-
mission capacity.

In this letter, we propose and experimentally demonstrate
a photonic generation scheme for MB-UWB signal
by employing a single dual-drive Mach-Zehnder
modulator (DDMZM). In the proposed scheme, four electrical
binary pulse streams with different bit rates and numbers of
‘10’ patterns are combined to drive one radio frequency (RF)
port of the DDMZM. The other RF port is modulated by the
sum of their respective 1-bit delayed duplicates. By properly
setting the bit rate and the amplitude of each pulse stream, as
well as the bias voltage of the DDMZM, the low-frequency
components of the obtained signal can be eliminated to meet
the FCC requirements. By this means, a MB-UWB signal
with four sub-bands can be generated by using driving pulse
streams of four different bit rates, which occupy different
frequency sub-bands. Benefiting from four available electrical
sub-bands, the transmission capacity can be improved by
a factor of four compared with previous works [12], [13].
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Fig. 2. Schematic illustration of the generator in our proposed scheme. A1,
A2: driving signals for two RF ports. Vdc : bias voltage of the modulator.

The MB-UWB signal in our proposed scheme can be
simultaneously generated and modulated. In order to verify the
feasibility of the proposed scheme and to validate our method
as an effective solution for photonic generation of MB-UWB
signals, a system demonstration with a 2-Gb/s amplitude-
phase-shift-keying (APSK) modulated signal is performed.
The experimental results validate our method as an effective
solution for photonic generation of MB-UWB signals.

II. OPERATION PRINCIPLE

Figure 2 shows the schematic illustration of the MB-UWB
signal generator, which consists of a laser and a DDMZM.
In our proposed scheme, the RF signals that drive the two arms
of the DDMZM can be described by:

A1 =
k∑

i=1

si (t), (1)

A2 =
k∑

i=1

si (t − Ti ), (2)

respectively, where si (t) is a Gaussian-like binary pulse
stream and Ti denotes its bit period. For an input optical
field Ein , the modulated optical field can be expressed as [14]:

Eout = Ein

2

{
exp

[
jπ

A1

Vπ

]
+ exp

[
jπ

A2 + Vdc

Vπ

]}
, (3)

where Vπ and Vdc are the half-wave voltage and bias voltage
of the DDMZM, respectively. After optoelectronic conversion,
the alternating current (AC) term of the photocurrent can be
written as:

i AC ∝ |Ein |2
2

{
cos

[
π

Vπ
(A1 − A2 − Vdc)

]}

= |Ein |2
2

{
cos

[
π

Vπ
(S1 + S2 + S3 + S4 − Vdc)

]}
, (4)

where the four signals are:

S1 = s1(t) − s1(t − T1), S2 = s2(t) − s2(t − T2),

S3 = s3(t) − s3(t − T3), S4 = s4(t) − s4(t − T4). (5)

Figure 3 shows in detail the principle of the proposed
scheme. Four binary pulse streams si (t) in Eq. (1) and their
1-bit delayed duplicates si (t − Ti ) in Eq. (2) are depicted
in Fig. 3(a). Note that these pulse streams having different
bit rates share the same period T0, the numbers of ‘10’
patterns are not identical. Owing to these different bit rates,
S1, S2, S3, and S4, built from their respective si (t), exhibit
different central frequencies, and their waveforms are depicted
in Fig. 3(b) [8]. Moreover, using phase interference between
a bit stream and its delayed duplicate by the DDMZM makes

Fig. 3. (a) Waveforms of four binary pulse streams and their duplicates with
1-bit delays. (b) Waveforms of S1, S2, S3, and S4. (c) Combined signals at the
two RF ports of the DDMZM, and the resulting MB-UWB signal accordingly.
(d) Illustration of the spectrum for the generated MB-UWB signal.

it possible to suppress the low-frequency components and
shape the signal to satisfy FCC spectral requirement [15].
As described in Eqs. (1) and (2), the four streams are
combined to drive RF port 1 of the DDMZM, while RF port 2
is modulated by the sum of their 1-bit delayed duplicates.
The combined signals and the output optical waveform are
provided in Fig. 3(c). One can see from Eq. (4) that the electro-
optical conversion can be considered quasi-linear if the bias
voltage is set to Vπ /2 and the electrical signal peaks are limited
to below Vπ /2 [16]. The photo-detected signal can therefore be
regarded as the combination of S1, S2, S3, and S4, resulting in
a received signal with multiple sub-bands. Figure 3(d) shows
the electrical spectrum of the photo-detected MB-UWB signal
that exhibits four central frequencies with almost the same
10-dB bandwidth. Moreover, benefiting from these sub-bands
separated in the electrical domain, the transmission capacity
can be increased. Note that theoretical analysis of dispersion
effect is not included, which is not significant due to the
narrow sub-bands and a small fiber transmission distance [5].

To add data information onto the four sub-bands of the
MB-UWB signal, APSK modulation is employed. Figure 4(a)
shows the waveforms of the four binary pulse streams in
two consecutive periods. For each sub-band, the amplitude
information is determined by the amplitudes of both the pulse
stream and its duplicate, while the phase information is defined
by the relative time delay between them. As illustrated in
Fig. 4(a) and (b), the amplitude information is ‘1’ if the
pulse stream and its duplicate exceeds a given threshold,
and vice versa. The phase information is ‘1’ if the pulse
stream is delayed by 1 bit with respect to its duplicate on
RF port 2, and vice versa. Thus one sub-band can carry
1-bit amplitude and 1-bit phase information during one period.
Insets (i) and (ii) define explicitly the amplitude and phase
information for one sub-band, respectively, and Fig. 4(b)
depicts the modulated waveforms of S1, S2, S3, and S4. By
this technique, the four available sub-bands of the MB-UWB
signal can be simultaneously generated and modulated.
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Fig. 4. (a) Waveforms of four binary pulse streams and their duplicates with
amplitude and phase information. (b) Modulated waveforms of S1, S2, S3,
and S4. (c) Combined signals at the two RF ports of the DDMZM and the
resulting optical signal. Insets (i) and (ii): definitions of amplitude and phase
information, respectively.

Fig. 5. Experimental setup of the proposed scheme for photonic generation
of UWB signal by employing a single DDMZM. SSMF: standard single mode
fiber.

The combined signals after modulation and the resulting
optical waveform are shown in Fig. 4(c). Furthermore, it is
worthy to note that our proposed scheme uses simple transmit-
ter structure without electrical oscillators and multipliers [17].

III. EXPERIMENTAL SETUP AND RESULTS

A proof-of-concept experiment was conducted to verify the
feasibility of the proposed scheme for photonic generation of
MB-UWB signal by employing a DDMZM. The schematic
diagram is shown in Fig. 5. Due to the unavailability of
multiple PPGs, the combined signals are generated offline by
Matlab and output by an arbitrary waveform generator (AWG)
(Keysight M8195A). The binary pulse streams are modulated
by symbols mapped from a 231 − 1 pseudo random binary
stream (PRBS). Here, the central frequencies of the four sub-
bands are set to 4, 5, 6, and 7 GHz, respectively. The symbol
period is fixed to 4 ns, which is chosen in consideration of
a bit rate of 2 Gbit/s. A DDMZM (Fujitsu FTM-7921ER)
is used to modulate a continuous wave (CW) light from a
distributed feedback (DFB) laser at 1550 nm. A polarization
controller (PC) is utilized to achieve maximum modulation
efficiency. The MB-UWB signal is then obtained by properly

Fig. 6. (a) Simulated spectrum of the APSK-modulated UWB signal.
(b) Amplitude responses of the FIR filters.

Fig. 7. (a) Measured frames of the APSK-modulated MB-UWB signal.
(b) Electrical spectrum of the APSK-modulated MB-UWB signal. (c) Wave-
forms of the sub-bands under different time scales after DSP filtering, and the
transmitted information. AI: amplitude information, PI: phase information.

adjusting the bias voltage of the DDMZM and the amplitude
of the RF signals. The launch power is 5 dBm. After
25-km fiber transmission, the modulated light is detected by a
photodetector (PD), and sampled by a real-time oscilloscope
(Keysight MSOV334A) with an 80-GS/s sampling rate. The
amplitude and phase information are recovered by calculating
the overall power of a received frames, and by determining the
phase shift between two consecutive frames, respectively.
The bit error ratio (BER) is calculated from the average
of 30 received signals due to the memory limitations of
the AWG. In total, 15360 bits are considered.

The simulated APSK-modulated signal spectrum is
provided in Fig. 6(a). The received signal shows very
small low-frequency components, satisfying the FCC
requirement [3]. To recover the information of each sub-band,
finite impulse response (FIR) filters are used for digital signal
processing (DSP). The amplitude responses of the four FIR
filters are presented in Fig. 6(b), where the filter order and
10-dB bandwidth are fixed at 70 and 0.9 GHz, respectively.
The central frequencies of the four DSP filters are 4, 5, 6,
and 7 GHz, respectively.

Figure 7(a) presents the frames of the measured MB-UWB
signal and the zoom-in view shows the detailed waveforms.
The electrical spectrum of the MB-UWB signal is shown
in Fig. 7(b). One can observe that the 10-dB bandwidth
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Fig. 8. BER performance of the APSK modulated MB-UWB signal.

of each sub-band is about 0.8 GHz in the range of 3.1 to
10.6 GHz. The optical spectrum could not be obtained due
to the limited resolution of our optical spectrum analyzer
(0.02 nm). Figure 7(c) shows the waveforms of the four sub-
bands after DSP filtering under different time scales. Note
that the waveform distortions can be attributed to the limited
bandwidth of the DDMZM and the non-ideal DSP filters.
Moreover, a small length difference between the two used
electrical cables may greatly affect the signal’s waveforms
and the spectra, which explains the increased low-frequency
components with respect to the FCC mask. These issues can
be solved by integrated electrical circuits.

One can retrieve the transmitted information by compar-
ing the power of each frame and the phase shift between
two consecutive frames. The experimental results are also
presented in Fig. 7. To recover the amplitude information
of one sub-band after filtering, one can measure the total
power over a whole period and then compare it with an
optimum decision threshold. The amplitude information is ‘1’
if the total power of the frame is higher than this threshold,
and vice versa. As for the phase information, the relative
phase shift between two consecutive frames can be examined
and the information can be extracted. In addition, time-delay
interference [7] or integrated micro- ring resonator (MRR) [18]
can be implemented in optical links as an alternative method to
convert phase information into intensity changes, which can
bring a higher receiver sensitivity and simplify the symbol
decision. As illustrated in Fig. 7(c), the amplitude information
for the four sub-bands in the two adjacent periods is ‘11’,
‘01’, ‘01’, and ‘10’, respectively, while the corresponding
phase information is ‘11’, ‘11’, ‘10’, and ‘01’. Since the
symbol rate of the MB-UWB signal is fixed at 0.25 GBaud/s
and the signal has four sub-bands, the total bit rate reaches
0.25 × 2 × 4 = 2 Gbit/s. Higher bit rate can be achieved
by reducing the symbol period. However, the crosstalk might
become a major limiting factor.

Figure 8 shows the mesured BER performance of the
APSK-modulated MB-UWB signal, where the power penalty
is ∼0.5 dB after 25-km fiber link transmission. Only a
BER of ∼10−4 is obtained due to the high sampling rate
and the memory length limitation of the AWG. In practical
applications, the photo-detected signal can be sampled by an
analog-to-digital (ADC) chip, and field programmable gate
array (FPGA)-based DSP can be used to recover the carried
information [19]. The experimental results validate that our
proposed method can significantly increase the transmission
capacity in comparison with those where the symbol rate of

the MB-UWB waveform was lower than 0.2 GBaud/s and only
one sub-band was generated [12], [13].

IV. CONCLUSION

Photonic generation of MB-UWB signal of four sub-
bands has been proposed and investigated experimentally with
simplified system complexity. In our proposed scheme, by
employing a single modulator, the MB-UWB signal can be
simultaneously generated and modulated. A system demon-
stration using an APSK modulated signal with a significantly
improved bit rate of 2 Gb/s has been performed. Experimen-
tal results suggest that our proposed scheme could become
an effective solution for MB-UWB signal generation in the
optical domain.
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