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Abstract 
A photonics approach to generate a linearly chirped waveform with increased 
TBWP is proposed and investigated. The time bandwidth product (TBWP) 
of the linearly chirped waveform is improved based on optical microwave 
frequency multiplying combined with temporal synthesis. An integrated 
dual-polarization modulator and an optical filter are utilized to perform fre-
quency doubling operation by generating an orthogonally polarized optical 
signal, which consists of an optical carrier in one polarization direction and a 
second-order chirped optical sideband in another. Then the orthogonally po-
larized optical signal puts into a polarization modulator (PolM) to perform 
phase coding process. By driving a Pseudorandom (PN) sequence to the 
PolM, the time duration of the generated bandwidth doubled linearly chirped 
waveform can be synthesized to arbitrary length. The approach is verified by 
simulation. A linearly chirped waveform with central frequency of 8.25 GHz, 
bandwidth of 500 MHz, time duration of 6.4 ns is used to generate a synthe-
sized waveform with central frequency of 16.5 GHz, bandwidth of 1 GHz, 
time duration of 819.2 ns. The TBWP of the linearly chirped signal is im-
proved from 3.2 to 819.2. The proposed method features arbitrary large 
TBWP, and it can be used in a radar system to improve its resolution. 
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1. Introduction 

Modern radar systems require large time-bandwidth product (TBWP) in order 
to simultaneously improve location and velocity measurement accuracies of a 
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target. Linearly chirped signal is a widely used radar waveform to obtain high 
measurement resolution through pulse compression [1]. Nevertheless, a chirped 
waveform which is generated based on electronics technique suffers from elec-
trical bottlenecks, such as limited digital-to-analog conversion speed, high tim-
ing jitter, sensitive electromagnetic interference, high loss and large size. Com-
pared to electronics one, photonics technique is fundamentally capable of gene-
rating, delivering and processing microwave signal with broader bandwidths, 
higher frequency, larger tunable range and greater flexibility [2] [3]. 

Different photonics techniques have been demonstrated to generate linearly 
chirped waveforms, including direct space-to-time mapping [4], spectral shaping 
combined with frequency-to-time mapping (FTTM) [5], interference of two ul-
tra-short optical pulses with different dispersions [6] [7], phase modulating two 
continuous optical wavelengths with an electrical parabolic waveform [8], and so 
on. However, the time-bandwidth produce (TBWP) of the generated chirped 
waveforms based on the mentioned schemes still limited. For example, the first 
three methods will generate linearly chirped signals with very limited temporal 
pulse duration, while the fourth method will generate waveforms with limited 
bandwidth. Therefore, the TBWP of the generated signal should be improved by 
using photonics technique. The most widely used method to improve the TBWP 
of a linearly chirped signal is optical microwave frequency multiplying. Howev-
er, when a large multiplying factor is achieved, the configuration will be compli-
cated and the signal-to-noise ratio (SNR) of the generated waveform will be se-
riously deteriorated due to the finite extinction ratio of the modulator and the 
frequency multiplying operation. Recently, high-speed phase and amplitude 
modulation is inserted in the spectral shaping and FTM scheme to synthesize a 
linearly chirped waveform with long time duration and large TBWP [9] [10] 
[11], but the system is complicated and the stability is poor due to the use of 
spatially separated structure. Phase coding also employed to improve the TBWP 
of a linearly chirped signal by driving a phase-coded parabolic waveform to a 
polarization modulator (PolM) [12], however, the electrical signal is very com-
plicated, which may hinder the application.  

In this paper, we propose a photonics approach to improve the TBWP of a li-
nearly chirped waveform based on optical microwave frequency multiplying 
combined with temporal synthesis. As the frequency multiplying factor equals 2, 
the SNR will be slightly deteriorated (theoretically decreased by 6 dB). While for 
the temporal synthesis operation, the phase coding will be performed with the 
help of polarization modulation, as the spatial separate process is avoided, the 
stability will be guaranteed. 

2. Principle 

Figure 1 shows the schematic configuration of the proposed TBWP improve-
ment system, which consists of a laserdiode (LD), an integrated dual-polarization 
quadrature phase shift keying (DP-QPSK) modulator, an optical filter, a PolM, a  
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Figure 1. Schematic configuration of the proposed linearly chirped waveform generator 
with improved TBWP. LD, laserdiode; DP-QPSK, dual-polarization quadrature phase 
shift keying; AWG, arbitrary waveform generator; OF, optical filter; PolM, polarization 
modulator; PPG, pulse pattern generator; Pol, polarizer; PD, photodetector. 
 
polarizer (Pol) and a photodetector (PD). The lightwave from the LD is sent into 
the integrated modulator. The DP-QPSK modulator consists of a 3-dB optical 
coupler, two QPSK modulators and a polarization beam combiner (PBC), and 
each of the QPSK modulators consists of two sub-MZMs placed parallel in a 
main-MZM. The integrated device has four RF input ports, ports 1 and 2 cor-
respond to the upper QPSK modulator while ports 3 and 4 correspond to the 
bottom one. In our scheme, only port 1 is driven by an electrical linearly chirped 
signal. At the output of the integrated modulator, the optical signals from the 
two QPSK modulators are combined with orthogonal polarization states 
through the PBC.  

When only the RF input port 1 is connected to the driving linearly chirped 
signal, a frequency and bandwidth doubled chirped waveform can be generated, 
as shown in Figure 2. Figure 2(a) shows the optical signals in the DP-QPSK 
modulator. In the upper QPSK modulator, one sub-MZM is driven by the 
chirped signal to generate optical carrier and second-order sidebands. By ad-
justing the DC bias voltages of the other sub-MZM and the main-MZM to make 
the two optical carriers from the two sub-MZMs have identical powers and op-
posite phases, then the optical carriers canceled each other and only the 
second-order sidebands obtained. While for the bottom QPSK modulator, the 
optical carrier is simply passed through. At the output of the DP-QPSK mod-
ulator, the signals from the two QPSK modulators are combined with orthogon-
al polarization states, as shown in Figure 2(b). Then, a polarization-independent 
optical filter is followed by to filter the optical carrier and one chirped sideband 
(e.g. lower second-order sideband). We have investigated this modulation 
scheme in details in our previous work [13].  

At the output of the OF, the optical signal can be given by 

( )
( )

( )2
12

2

0

,0c
j t kt

x j t

y

E t A ee t T
E t A

ω
ω

− −  
 ∝ ≤ ≤ 
    

              (1) 

where x and y represent the principal axes of the PBC, A0 and A2 represent the 
amplitude of the carrier and sideband components, respectively, ω1 and k are the 
initial angular frequency and chirp rate of the driving signal which provided by 
an arbitrary waveform generator (AWG), T is the time duration of the driving 
signal. 

Then, the optical signal puts into the PolM to perform phase coding process,  
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Figure 2. The optical spectra and its polarization states of the optical signals (a) in 
DP-QPSK modulator, (b) after DP-QPSK modulator, (c) in OF. 
 
the Pol is followed by to project the two orthogonal components in the same di-
rection, and the output of the Pol can be given by 

( ) ( )2
12 [ ] [ ]

2 0 ,0c c
j t ktj t j tjms i jms i

polE t A e e e A e e t T
ωω ω− − −∝ + ≤ ≤         (2) 

where m is the modulation index of the PolM, and s[i] is the element of the bi-
nary sequence. 

Finally, the optical signal puts into the PD, a phase-coded frequency and 
bandwidth doubled linearly chirped signal can be obtained as 

( ) 2
0 2 1cos 2 2 2 [ ] ,0i t A A t kt ms i t Tω ∝ − + ≤ ≤              (3) 

To optimal the phase coding performance, the modulation index m should be 
set as π/2 when s[i] has value of “0” or “1”. Then the equation can be expressed 
as 

( ) ( ) ( )[ ] 2
11 cos 2 2 ,0s ii t t kt t Tω∝ − − ≤ ≤                (4) 

Assuming a single linearly chirped waveform w(t) has an auto-correlation 
function of Rs(τ), which can be expressed as 

( ) ( ) ( )sR w t w t dtτ τ= −∫                       (5) 

The sequence s[i] has a length of L, the auto-correlation function of the dis-
crete term (−1)s[i] can be expressed as 

( ) ( ) [ ] ( ) [ ]1
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When the binary sequence is set as Pseudorandom (PN) sequence, due to the 
properties of the PN sequence, the following condition will be satisfied [14] 

( )
  0, , 2 ,...
1  elsewheres

L n L L
R n

= ± ±
= −

                  (7) 

The auto-correlation function of PN sequence have maximum value of L and 
repeating period of L. As a result, when L >> 1, the auto-correlation function of 
the generated phase-coded chirped signal can be written as 
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As can be seen, the main peaks of auto-correlation have a repetitive period of 
TL, indicating that by phase coding the repetitive basis linearly chirped train 
with PN sequence, the time duration of the waveform can be synthesized by a 
factor of L. 

3. Simulation Results and Discussion 

A simulation is performed to verify the proposed TBWP improvement scheme. 
In the simulation, the linearly polarized optical carrier has a central frequency of 
193.1 THz. In the upper QPSK modulator, only one sub-MZM is driven by the 
linearly chirped signal, while another sub-MZM and the main MZM are DC bi-
ased to generate two second-order sidebands with the optical carrier suppressed. 
The driving linearly chirped waveform has a time duration of 6.4 ns and a repe-
titive period of 6.4 ns. A pseudo-random bit sequence with data rate of 156.25 
Mbit/s is applied to the PolM to modulate the phase of the generated chirped 
waveform. The modulation indices of the PMs are set as π/2. 

First, the initial frequency and bandwidth of the driving chirped signal are set 
as 8.5 GHz and 500 MHz, the spectrum of the driving repetitive chirped wave-
form train is shown in Figure 3(a), as can be seen, the input chirped signal has a 
central frequency of 8.25 GHz and a bandwidth of 500 MHz. Figure 3(b) shows 
the output spectrum of the PD, the generated signal has a central frequency of 
16.5 GHz and a bandwidth of 1 GHz. After the PD, a bandpass filter (BPF) is 
used to filter the useful component form the spectrum. The output waveform of 
the BPF is shown in Figure 3(c), while the simultaneous frequency of the wave-
form is extracted by using Hilbert transformation and shown in Figure 3(d).  
 

  

  

Figure 3. (a) Spectrum of input chirped waveform train, (b) output spectrum of PD, 
(c) output waveform of BPF, (d) simultaneous frequency extracted from the generated 
waveform, (e) input binary sequence and (f) demodulated baseband waveform. 
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The phase information cannot be directly observed, therefore, we designed a 
coherent detection system to verify the phase coding performance [15]. At the 
output of the coherent detection system, a low frequency demodulated waveform 
is obtained, as shown in Figure 3(f), while Figure 3(e) shows the input binary se-
quence. As can be seen, the phase coding process is successfully achieved to the li-
nearly chirped waveform train. 

The TBWP improvement of the linearly chirped waveform is investigated. For 
the driving linearly chirped waveform, the TBWP is calculated as 3.2 (6.4 × 0.5), 
for the generated bandwidth doubled basis waveform, the TBWP is calculated as 
6.4 (6.4 × 1). Figure 4(a) shows the auto-correlation function of the generated 
bandwidth doubled basis waveform, as can be seen, the peak-to-sidelobe ratio 
(PSR) is 9.1 dB and the full width at half maximum (FWHM) of the compressed 
pulse is 1.1 ns. Thus, a pulse compression ratio (PCR) of 5.8 is achieved. To fur-
ther improve the TBWP of the linearly chirped waveform, a PN sequence with 
length of 128 is applied to the PolM to modulate the phase of each basis wave-
form. At a result, a phase-coded bandwidth doubled linearly chirped signal con-
sists of 128 basis waveforms is obtained. The phase-coded signal has a time du-
ration of 819.2 ns. Figure 4(b) shows the auto-correlation function of 128 repe-
titive basis waveform train without phase coding, while Figure 4(c) shows the 
auto-correlation function of the generated phase coded linearly chirped signal. 
As can be seen, due to the phase coding operation, the pulse compression per-
formance is extremely strengthened. The phase-coded bandwidth doubled li-
nearly chirped signal has a PSR of 10.8 dB, at the same time, compared to the 
basis bandwidth doubled waveform, the FWHM of the phase-coded signal keeps 
unchanged (1.1 ns), making the PCR increase by 128 times (744.8). The phase-coded  
 

 

  

Figure 4. Auto-correlation function of (a) single bandwidth doubled basis waveform, (b) 
128 repetitive basis waveforms (c) generated phase-coded linearly chirped signal. 
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signal which consists of 128 basis waveforms can be considered as one synthe-
sized waveform to perform target detection. The bandwidth of the synthesized 
waveform equals the bandwidth of the basis waveform, while the time duration 
of the synthesized waveform is equal to the time duration of basis waveform 
times the length of PN sequence. As a result, by temporal synthesis process the 
TBWP of the bandwidth doubled signal will be further improved to 819.2.  

One problem associated with the proposed scheme is the polarization error, 
i.e. polarization extinction ratio (PER) existed in the phase coding process. We 
compared two basis waveforms with different modulated phases (i.e. time win-
dow is 12.8 ns and corresponding s[i] are “0” and “1” respectively) when the 
PER changed from infinite to 9 dB, as shown in Figure 5. As can be seen, when 
the PER decreased, an amplitude modulation will be added to the phase coded 
signal. However, the PER of the commercial polarization components can be 
larger than 40 dB, therefore, the effect of the PER on the phase coding perfor-
mance can be neglected.  

In the proposed scheme, an OF is involved. Note that the OF can be designed 
as a fixed spectrum characteristics filter which only removes the frequency larger 
than optical carrier, thus the tunability of the system can be guaranteed. On the 
other hand, the system stability may be suffered from the variation of the DC bi-
as points in the modulator. This problem can be resolved by employing a 
DP-QPSK modulator Bias Controller (i.e. YY LABS Inc. D0158) in the system. 

4. Conclusion 

A photonics method to improve the TBWP of a linearly chirped waveform based 
on frequency multiplying and temporal synthesis was proposed and investigated. 
Firstly, the bandwidth of the linearly chirped waveform was doubled to improve 
the TBWP twice, then the time duration of the generated bandwidth doubled li-
nearly chirped waveform was synthesized by L times based on phase coding op-
eration, as a result, the TBWP of the input linearly chirped waveform was in-
creased by 2L times. The generation of phase-coded frequency-doubled wave-
form and its TBWP improvement was theoretically analyzed and verified by si-
mulation. In the simulation, a linearly chirped waveform with central frequency  
 

 

Figure 5. Effect of the finite PER on the waveform of the generated signal. 
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of 8.25 GHz, bandwidth of 500 MHz, time duration of 6.4 ns, TBWP of 3.2 was 
used and a synthesized waveform with central frequency of 16.5 GHz, band-
width of 1 GHz, time duration of 819.2 ns, TBWP of 819.2 was obtained. The 
proposed method features arbitrary large TBWP as well as a PN sequence with 
large length is utilized, and it may find applications in modern radar systems. 
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