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Abstract—We propose a new 1 method to generate back-
ground-free high-frequency pulsed microwave signal based on an
unbalanced temporal optical pulse shaping (TPS) system and
balanced photodetection. The proposed system consists of a po-
larization modulator and an unbalanced TPS system realized by
two conjugate dispersion elements. The carrier frequency of the
pulsed microwave signal could be tuned by changing the residual
dispersion of the TPS. The proposed method is theoretically ana-
lyzed and experimentally demonstrated. The experimental results
show that the carrier frequency of the generated microwave pulse
could be tuned over a broad frequency range. Moreover, the gen-
erated microwave pulse signal is background-free by suppressing
the baseband frequency components using balanced photodetec-
tion.

Index Terms—Pulsed microwave signal, unbalanced temporal
pulse shaping, balanced photo-detection.

I. INTRODUCTION

HOTONIC generation of pulsed microwave signals has

attracted considerable attention for its widespread applica-
tions in radar systems, microwave tomography, broadband
wireless access networks, and warfare systems [1-3]. Compared
with its electrical counterparts, photonic generation of micro-
wave signals has some advantages such as wide bandwidth, low
loss transmission, and low power consumption, and immunity to
electromagnetic interference (EMI) [4]. Up to now, various
configurations have been reported to generate pulsed micro-
wave signals. High frequency microwave pulse signals are
generated by simply multiplying the low frequency microwave
signal and then truncating the microwave signal into pulsed
microwave signals [5]. High frequency microwave signals are
also generated based on optical spectral-shaping incorporating
with frequency-to-time mapping [6], which is a powerful and
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promising method. The key component in these systems is an
optical spectral shaper, which is usually realized using a fiber
comb filter or a spatial light modulator (SLM) [7]. The ad-
vantage of using a SLM is that its transmission response is
flexibly reconfigurable in real time. Therefore, an arbitrary
microwave waveform could be easily generated using
SLM-based system. However, the key limitation of the SLM
based microwave pulse generation system is high loss and poor
long-term stability as it involves space-to-fiber and fi-
ber-to-space coupling. As an alternative candidate for spectral
shapers, a fiber comb filter is smaller, with higher stability and
lower power consummation [8]. However, the spectral response
keeps unchanged once it is fabricated. C. Wang proposed and
experimentally demonstrated a powerful method to generate a
frequency-multiplied microwave signal using a unbalanced
temporal pulse shaping system, which consists of two dispersive
elements with opposite dispersion but non-identical in magni-
tude and an electro-optic modulator located between the two
dispersive elements [9]. One of the limitations in this system is
that the generated microwave pulse has baseband frequency
components in the electrical spectrum which would interfere
with other narrow-band serves. J.D. Mckinney proposed a
powerful method to eliminate the baseband components using
polarization pulse shaping. However, the proposed system is
bulky [10].

In this letter, we propose a new method to generate back-
ground-free pulsed microwave signals based on unbalanced
TPS and balanced photo-detection. A length of dispersion
compensating fiber (DCF) and single mode fiber (SMF) are
used as two dispersive elements in this system. A joint use of a
PolM, a Polarization controller (PC) and a polarization beam
splitter (PBS) is equivalent to two intensity modulators with
differential response. The frequency of the pulsed microwave
signal could be tuned by changing the residual dispersion of the
TPS. The experimental results show that the frequency of the
generated microwave pulse could be tuned. Moreover, the
generated microwave pulse signal is background-free by sup-
pressing the baseband frequency components using balanced
photo-detection.

Il. PRINCIPAL

The schematic diagram of the proposed background-free
pulsed microwave signal generation system based on unbal-
anced temporal pulse shaping and balanced photo-detection is
shown in Fig. 1. A transform-limited ultra-short optical pulse
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emitted from a mode-locked laser (MLL) is firstly sent to a
dispersion compensating fiber (DCF), which is used to stretch
the optical pulse in the time domain. The stretched optical pulse
is then injected into the PolM, where its polarization state is
modulated by a low-frequency microwave drive signal gener-
ated by an arbitrary waveform generator (AWG). A polarizer is
integrated at the input of the PoIM with an angle of 45 deg with
respect to the principle axis of the PolM. A PC1 attached after
the DCF is used to adjust the polarization state of the optical
pulse to reduce the polarization dependence loss. The polari-
zation modulated optical signal is then compressed by the
conjugated dispersion components. In our scheme, a length of
single mode fiber (SMF) is used as a dispersion element to
compress the modulated signal. The joint use of the PolM, the
PC2 and the PBS is equivalent to an intensity modulator. A
continuous microwave signal emitted from the AWG is
launched into the radio frequency port of the PolM. The center
frequency of the generated microwave pulse signal is mainly
determined by the residual dispersion value of the UDS for the
given microwave drive signal. The two output signals at the
output of the PBS are then fed into the balanced photo-detector
(BPD) to achieve optical-to-electrical conversion. Electrical
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Fig. 1. The schematic diagram of the proposed system for background-free
pulsed microwave signal. MLL: mode-locked laser; DCF: dispersion com-
pensating fiber; PC1, PC2: polarization controller; AWG: arbitrary wave-
form generator; PolM: polarization modulator; SMF: single mode fiber;
PBS: polarization beam splitter; BPD: balanced photo-detector.

spectrum of the generated microwave pulse signal is recorded
by an electrical spectrum analyzer (ESA) and an oscilloscope
(OSC) is used to capture the temporal waveform.
Mathematically, the transform-limited Gaussian pulse in the
time domain could be expressed as g(t)=exp(-t?/t?), where 7 is
the half pulsewidth at the 1/e maximum. The ultra-short optical
pulse is firstly sent into the first dispersive medium assumed to
provide only first-order standard dispersion. The normalized
transfer function of the first and second dispersive elements

could be represented as Hi (o) = exp (j ®, ®%2) and H, (o) =
exp (j @, ©?/2) when the higher order dispersion is ignored. In

our scheme, ®, and @, are group velocity dispersion of the

DCF and the SMF, respectively. A sinusoidal microwave signal
is then applied to the PolM. A joint use of the PolM with a PC
and a PBS is equivalent to an intensity modulator. Under

small-signal modulation condition, the modulation function of
the PolM could be represented as Epom(t)=Jo(m)+2J1(m) X
cos(ioret) where Ju(+) is the first-order Bessel function of the
first kind, wrr is the angular frequency of the driven microwave
signal and m is the phase modulation index. The optical signal at
the output of PolM could be represented as
s(t) ~ g (t)x(Jy(m)+2J, (M) cos(wt)) (1)
A pair of dispersive components with conjugated dispersion
value is used to realize temporal pulse shaping. The second
dispersive element assumed to provide anomalous dispersion
followed after the PolM is used to compress the polarization
modulated optical pulse. The modulated and compressed opti-
cal pulse at the output of the second dispersive element could be
rewritten as follows:
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where Ad =& -, is defined the residual dispersion of unbal-

anced TPS, and the 3 is the Fourier transform. If the optical
signal at the output of the second dispersive element is applied
into a single PD, we could have the photocurrent as follow:
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From Eq. (3), we could draw a conclusmn that the frequency
of the generated microwave signal could be continuously tuned
by controlling the residual dispersion and the frequen-
cy-doubled microwave pulse could be generated.

It is worth noting that the previously proposed method based
on temporal pulse shaping generates microwave pulses with a
baseband frequency components originated from the broadband
optical spectrum profile. In order to generate a background-free
pulsed microwave signal, the optical signals at the output of the
PBS is divided into two parts and fed into the BPD. The PolM is
a special phase modulator that could support both TE and TM
modes with opposite phase modulation indices. The linearly
polarized optical signal is oriented at an angle of 45 deg to one
principle axis of the PolM denoting with a symbol of X. The
spectra of the modulated optical signals include the optical
carrier and the correspondingly modulated sidebands which are
orthogonal with each other orienting with the axis of X of 45-
and 135- deg, respectively.

Assuming only a single optical carrier is injected into the
PolM. The PolM is a special phase modulator to support on both
transverse electric (TE) and transverse magnitude (TM) modes
with opposite phase modulation indices. The output optical filed
of the PolM could be expressed as:
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where Ein=Eoexp(i2nfot) is the optical field at the input of the
PolIM. @ is the phase difference between Exand E, which could
be controlled by the dc bias of the PoIM. m=nVre/V; is the
phase modulation index of the PolM and the V, is the half-wave
voltage of the PolM. wge is the angular frequency of the driven
microwave signal. Appling Jacobi-Anger expansion to Eq. (4)
and considering small signal modulation condition, we have
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where J, is the Bessel function of the first kind of order n. We
assume 0=0. It is worth noting the optical carrier and sidebands
are polarized at 45 degree and -45 degree to X-axis of the PolM.
These modulated components then pass through the PC2 and
feed into the PBS. The optical filed of the modulated signal
could be rewritten as follows:

£ 1 e Jy(m)
{ x5 }: i J,(m)exp j(27 foet+7/2)+ (6)

X135 J(m)exp j(-27 fet+7/2)

By tuning the PC2, the X-axis of the PolM is aligned the
polarized state 1 (PS1).and the Y-axis of that is aligned the
polarized state 2 (PS2). Therefore, the optical filed at the PS1
and PS2 could be written as follows:
|:EP31:|:£ Ex+45° - Ex+135° @)

EPSZ 2 Ex+45’ + Ex+135°

After the PBS, the optical signal is detected in the PD, re-
sulting in photocurrents as follows

{IPM} l:Jg(m)+2Jf(m)—4Jo(m)Jl(m)cos(wRFHﬂ)}
o (8)
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When the two output signals from the PBS is injected into a
BPD for balanced photo-detection, the photocurrent could be
represented as follow

lgpp 8, (M) J; (M)cos(wyet) 9)

Therefore, when the continuous wave optical carrier is re-

placed by a stretched optical pulse, the photocurrent at the
output of the BPD is
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It can be seen from Eq. (10) that the signal to noise ratio
(SNR) of the generated microwave signals is improved by 4
times. Moreover, the baseband frequency components of the
generated microwave pulse in the Eq. (10) are eliminated by the
balanced photo-detection. The frequency of the generated mi-
crowave signal is equal to ®,/A® xw,. such that the fre-

quency of the carrier frequency of the pulsed microwave signal
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Fig. 2. Simulation results for the microwave pulse generation, (a) the simu-
lated electrical waveform, (b) the simulated electrical spectrum.

could be tuned by simply changing the residual dispersion. The
Fig 2 shows the simulated results. Fig 2 (a) shows the waveform
of the generated microwave pulse. The waveform in the rod
dash line is generated bases on balanced photo-detection and
that in the blue solid line is generated based on single-end de-
tection. The corresponding Fourier transform spectra are shown
in Fig. 2 (b). We could obtain the high frequency microwave
pulse for both the single-end detection and the balanced detec-
tion. However, it is obviously observed that strong
low-frequency components appear in single-end detection case
and the amplitude of the generated microwave pulse is half of
that of the microwave pulse achieved by the balanced detection.
Therefore, the balanced photo-detection has higher power effi-
ciency and no strong low frequency components. The main
significance of the proposed method is that the frequency of the
pulsed microwave signal could be continuously tuned by
changing the dispersion value of the dispersive element. The
generated microwave signal is background free and the power
of that is enhanced. Moreover, when the linearly chirped dis-
persive element is explored in the UDS, the linearly chirped
microwave pulse with long duration time could be generated
[11]. The chirped pulsed microwave is very important in the
radar system [9].

I1l. EXPERIMENT

We carried out experiments based on the setup shown in Fig.
1 to verify the proposed scheme. An MLL (Pritel) is used to emit
an ultra-short optical pulse train with an average output power
of 29.7 mW and a pulse-width of 120 fs and a pulse repetition
rate of 50.8 MHz. The PolM has a 3-dB bandwidth of 40 GHz
and a half-wave voltage of 3.5 V. A sinusoidal microwave
signal emitting from an AWG with an output power of -10 dBm
is injected into the PolM such that small signal modulation
condition is fulfilled. The DCF and SMF are used as the first
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Fig. 3. Measured (a) the generated electrical waveform, (b) the generated
electrical spectrum. Insets show the zoom-in views.

and the second dispersive elements, respectively. They form a
pair of dispersive elements as required in the unbalanced tem-



poral pulse shaper to process the optical pulse. The group ve-
locity delay (GVD) of the DCF is not matched to that of the
SMF. The BPD has a bandwidth of 40 GHz and a conversion
gain of 110 V/W. The generated microwave pulse signal is
recorded by a high-speed oscilloscope. Its electrical spectrum is
measured by an electrical spectrum analyzer (ESA). Fig. 3 (a)
shows the generated waveform obtained by the balanced pho-
to-detection, which is actually the amplitude summation of the
two generated waveforms in the two PD of the BPD. It is ob-
viously observed by Fig 3 (a) that the amplitude of the generated
microwave pulse is nearly twice of that with a single PD. The
insets of the Fig 3 (a) and 3 (b) are the zoom in the waveform
and electrical spectrum, respectively. As can be seen from the
inset of the Fig 3 (a), the waveform has both positive and neg-
ative parts and not a pedestal. Theoretically, the waveform of
the generated microwave pulse should have both positive and
negative parts with identical amplitude. It is clearly seen from
the Fig. 3 (a) that the waveform has asymmetrical positive and
negative parts which is mainly attributed to the unequal input
optical power for the BPD induced by the polarization drift or
the different responsivity of the two PDs in the BPD. The du-
ration of generated microwave pulse is about 2.2 ns. The tem-
poral oscillation period of the generated microwave pulse is
about 59 ps, which is corresponding to a carrier frequency of
16.949 GHz. Fig.3 (b) shows the measured electrical spectrum
of the generated microwave pulse. The center frequency is 16.9
GHz. As can be seen from Fig. 3 (b), the baseband frequency
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Fig. 4. Measured electrical spectra before tuning and after tuning. Insets
show the zoom-in views.
components are nearly eliminated by the balanced pho-
to-detection. Therefore, the background-free pulsed microwave
signal is successfully obtained by the proposed method.

In order to demonstrate the frequency tunability of the gen-
erated microwave signals, the residual dispersion of the system
is tuned by changing the length of the SMF. Fig. 4 shows the
electrical spectra of the generated microwave signal. As can be
seen from Fig. 4, the center frequency of the generated micro-
wave signal has been tuned to 15.5 GHz in black line. The insets
in the Fig.4 are the zoom in the obtained spectra. It is success-
fully demonstrated that by properly changing the residual dis-
persion value of the UDS, the frequency of the generated mi-
crowave pulse signal could be flexibly tuned.

IV. CONCLUSION

We have proposed and experimentally demonstrated a new
method to generate background-free pulsed microwave signals
with tunable center frequency based on unbalanced temporal
pulse shaping and balanced photo-detection. The ultra-short
optical pulse is temporally processed by the temporal pulse
shaper using a UDS. Since the two dispersive components are
not matched in GVD, the entire system is equivalent to a bal-
anced temporal pulse shaper followed by a residual dispersive
processor for a second real-time Fourier transform (Fresnel
diffraction). The center frequency of the generated pulsed mi-
crowave signal is tuned by changing the residual dispersive
value of the unbalanced temporal shaping system. The exper-
imental results show that the generated microwave pulse has a
temporal oscillation period of 59 ps and the corresponding
center frequency of that is 16.9 GHz. It is worth noting that the
electrical spectrum of the generated microwave pulse signal has
not baseband frequency components. Moreover, the center
frequency of the generated microwave signal could be tuned.
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