
Abstract—We demonstrate simultaneous generation of 
wavelength-division-multiplexed chirped microwave waveforms 
using optical spectral shaping followed by wavelength-to-time 
mapping. We design two types of integrated spectral shapers based 
on parallel distributed Fabry–Pérot cavities or an arrayed 
waveguide grating Sagnac interferometer incorporating linearly 
chirped waveguide Bragg gratings. The generated waveforms 
have different central RF frequencies and opposite signs of RF 
chirp. 
 

Index Terms—Chirped microwave waveforms, RF waveform 
generation, chirped Bragg gratings, silicon photonics. 

I. INTRODUCTION 

HIRPED microwave waveforms are widely used in various 
applications such as communications (for fiber-wireless 

and radio-over-fiber networking) and instrumentation, 
including imaging and sensing (e.g., to improve resolution or 
increase range) [1]. Generating such waveforms in the 
electronic domain is limited to the sampling rate of digital 
electronics that restricts the central frequency, RF chirp, and 
bandwidth. Using photonic approaches can remove this 
limitation to obtain chirped waveforms at high central 
frequencies of up to hundreds of GHz with large RF chirps 
supporting tens of GHz of bandwidth [2, 3]. In addition, 
photonic approaches improve manufacturability, stability, 
reliability, and power consumption [4]. 

There are several techniques to generate microwave 
waveforms using photonics such as heterodyne beating of a 
continuous wave signal with a wavelength-swept laser or a pre-
chirped optical pulse [5], frequency multiplication [6], direct 
space-to-time mapping [7], temporal pulse shaping [8], and 
optical spectral shaping followed by wavelength-to-time 
mapping (SS-WTM) [9]. In the latter technique, which is very 
widespread, the amplitude spectrum of a broadband pulse is 
first shaped with an optical spectral shaper (OSS) before being 
propagated through a dispersive medium to map the spectral 

content to the time domain.  The key component in this process 
is the OSS as the shaped amplitude spectrum determines the 
profile, and ultimately characteristics, of the generated 
waveform. To generate a chirped microwave waveform, we 
need a periodic OSS followed by a non-linear WTM or an 
aperiodic OSS followed by a linear WTM.  
 Despite significant developments on increasing the time-
bandwidth product (TBWP) of the chirped microwave 
waveforms [2, 3], all demonstrations to date involve the 
generation of only a single waveform. On the other hand, 
generating multiple waveforms with different characteristics 
(e.g., central frequency or sign of RF chirp) simultaneously 
enhances the flexibility or increases the functionality in many 
applications such as improving range in imaging applications 
or allowing for switching between resolutions [10-12]. 
Recently, we demonstrated the simultaneous generation of 
multi-channel, wavelength-division-multiplexed (WDM) 
chirped microwave waveforms using fiber optics [12, 13]. We 
obtained two chirped microwave waveforms with different 
central frequencies and different values of RF chirp or 
switchable signs of RF chirp using OSSs based on a Sagnac 
interferometer incorporating superimposed linearly chirped 
fiber Bragg gratings (LCFBGs) [12] or an arrayed waveguide 
grating Sagnac interferometer (AWGSI) incorporating 
LCFBGs [13].  

In recent years, the development of integrated OSSs for 
photonic generation of microwave waveforms has attracted 
much attention over fiber optic techniques due to compactness 
and potential for fast reconfiguration [4]. Various integrated 
OSSs (predominantly in silicon photonics) that generate a 
single chirped microwave waveform have been implemented.  
For example, Zhang et al. reported an OSS based on a Mach-
Zehnder interferometer (MZI) incorporating four (or five) 
cascaded microring resonators with different radii to generate a 
chirped microwave waveform with four (or five) cycles at a 
central frequency of 7.5 GHz and an RF chirp of 17.2 GHz/ns 
[14]. They also demonstrated an OSS based on a MZI 
incorporating two tunable linearly chirped waveguide Bragg 
gratings (LCWBGs) in its two arms generating a symmetrical 
chirped microwave waveform with the central frequency of 
0.14 GHz and RF chirps of 2.7 GHz/ns and -6.1 GHz/ns on 
either side of the central frequency [15, 16]. Wang et al. 
proposed an OSS consisting of eight tunable microrings with 
different radii to generate a chirped microwave waveform 
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comprising eight cycles [17].  Ma et al. demonstrated an OSS 
based on a distributed Fabry–Pérot cavity (DFPC) which 
consists of two spatially offset LCWBGs to generate a chirped 
microwave waveform with a central frequency of 20 GHz and 
an RF chirp of 12 GHz/ns [18]. Finally, Wang et al. described 
an OSS based on an AWGSI incorporating an LCWBG 
generating a chirped microwave waveform with a central 
frequency of 29.6 GHz and 23.8 GHz and an RF chirp of 20 
GHz/ns [19]. 

In this paper, we propose two integrated multi-channel OSS 
designs based either on parallel DFPCs or an AWGSI 
incorporating multiple LCWBGs to generate simultaneously 
multi-channel WDM chirped microwave waveforms. 

 

 
Fig. 1. Schematic of the system generating N different chirped microwave 

pulses simultaneously based on spectral shaping and WTM technique. 

 

II. DESIGN OF THE MULTI-CHANNEL OPTICAL SPECTRAL 

SHAPERS 

Figure 1 shows the schematic of our approach to generate 
multi-channel WDM chirped microwave waveforms with 
different characteristics based on SS-WTM.  A broadband 
source is shaped into WDM spectra using an integrated multi-
channel OSS. The shaped spectra are then mapped to the time 
domain via propagation through a spool of fiber serving as a 
dispersive medium. Due to the linearity of the system, it does 
not matter whether OSS is performed before WTM or vice 
versa. The generated WDM waveforms can then be separated 
using optical filters. 

The proposed multi-channel OSSs are fabricated by electron 
beam lithography in silicon-on-insulator (SOI).  The silicon 
waveguides have a thickness of 220 nm on top of a 3 µm buried 
oxide (BOX) layer and have a 2 µm index-matched top oxide 
cladding (Fig. 2). In both OSSs, LCWBGs are the key 
components. The LCWBGs are based on sidewall corrugations 
in strip waveguides.  We consider two different designs for the 
LCWBGs to operate in the C-band, see Fig. 2(a). In one design, 
denoted LCWBG-A, the waveguide width ଵܹ varies linearly 
between 700 nm and 720 nm; the corrugation depth is ܹߜ ൌ
| ଵܹ െ ଶܹ| 2⁄  = 10 nm so that correspondingly, ଶܹ varies 

linearly between 720 nm and 740 nm. In the second design, 
denoted LCWBG-B, the waveguide width varies linearly 
between ଵܹ = 500 nm and 510 nm and the corrugation depth is 
 nm (correspondingly, ଶܹ varies linearly between 510 5 = ܹߜ
nm and 520 nm).  We use different (constant) grating periods 
() to account for the different effective indices of the 
waveguides (i.e., of different widths) as well as to obtain 
distinct spectral channels for WDM.  Both LCWBGs have 
1,000 grating periods. The calculated effective refractive 
indices (using Lumerical MODE) for strip waveguides with 
widths of 700 nm and 500 nm are 2.64 and 2.45, respectively. 
The design parameters of the LCWBGs are given in Table I. 
Note that tapers are used as necessary to connect the start and 
end of the LCWBGs to the 500 nm wide strip waveguides that 
are used for the other components in the OSSs.  
 

 
 

Fig. 2. Schematic of (a) LCWBG based on sidewall corrugations in a strip 
waveguide (along with waveguide cross-section), (b) and (c) DFPCs that 
generate opposite signs of RF chirp.   

We calculate the grating chirp from ܥ ൌ 2Ʌ
ௗ௡೐೑೑
ௗ௭

 , where 
ௗ௡೐೑೑
ௗ௭

 is the variation of the effective refractive index (݊௘௙௙) 

over the grating length (z). The grating chirps for LCWBG-A 
and LCWBG-B are 21 nm/mm and 28 nm/mm, respectively. To 
verify the designs, we fabricated and characterized the spectral 
responses of the LCWBGs.  The measured values for the center 
wavelength, peak reflectivity, 3 dB bandwidth, and grating 
chirp (which is estimated from the measured bandwidth and 
expected grating length) are given in Table 1. The measured 
grating chirps are less than the calculated values due to 
fabrication errors and errors in obtaining the grating bandwidths 
due to the spectral response and variations from the vertical 
grating couplers (VGCs) used for input and output coupling.  
The VGCs, which are designed for TE operation over the C-

TABLE I 
PARAMETERS AND CHARACTERISTICS OF THE LCWBGS USED IN THE OSSS 

 

 Parameters Measured characteristics 

 
ଵܹ / ଶܹ 
[nm] 

 ܹߜ
[nm] 

 
[nm] 

Center 
wavelength 

[nm]

% R 3 dB BW 
[nm] 

Grating 
chirp 

[nm/mm] 
LCWBG-A1 700 / 720 10 291 1545.0 50 3.4 13.7 
LCWBG-A2 700 / 720 10 294 1556.0 50 4.1 13.6 
LCWBG-B1 500 / 510 5 314  1545.2 70 4.5 14.3 
LCWBG-B2 500 / 510 5 318 1557.2 70 4.7 14.1 
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band, have a bandwidth of ~ 15 – 20 nm [20]; the measured 
insertion loss is ~7.5 dB/VGC. The VGCs are aligned on the 
same side of the device and have a pitch of 127 m for coupling 
with a fiber ribbon array.  

A. Multi-channel OSS based on parallel DFPCs 

Each DFPC consists of two LCWBGs with opposite grating 
chirp (i.e., orientation) that are separated spatially by a cavity. 
Reversing the grating orientations in the DFPC allows for 
switching the sign of the RF chirp. For example, using a 
dispersive medium with a dispersion 0 <  ܦ for WTM, a positive 
grating orientation, such as the one shown in Fig. 2(b) and 
denoted DFPC1, will generate a chirped microwave waveform 
with a negative RF chirp.  On the other hand, for the reverse 
grating orientation shown in Fig. 2(c) and denoted DFPC2, the 
sign of the RF chirp will be positive   

The effective cavity length between the two gratings is 
wavelength dependent and given by [18, 19]: 

௘௙௙ܮ∆ ൌ
ଵܥ െ ଶܥ
ଶܥଵܥ

ߣ ൅ ௢௙௙௦௘௧ܮ ൅
ଵܥ െ ଶܥ
ଶܥଵܥ

 ଴ߣ
(1) 

where ߣ଴ is the starting grating wavelength, ܥଵ and ܥଶ  are the 
chirps of the LCWBGs, and ܮ௢௙௙௦௘௧ is the longitudinal offset of 
the two LCWBGs defined as the cavity length (ܮ௖) plus the 
LCWBG length [see Figs. 2(b) and 2(c)].  We consider two 
identical LCWBGs of opposite orientation so that ܥଵ = -ܥଶ. 

The grating chirp and the offset length of a DFPC determine 
the free spectral range (FSR) of the OSS and the corresponding 
central frequency and RF chirp of the generated waveform. The 
FSR is given by [22]: 

ܴܵܨ ൌ
଴ߣ

ଶ

2݊௘௙௙∆ܮ௘௙௙
 

(2) 

After WTM, the instantaneous frequency of the generated 
waveform becomes: 

ோ݂ிሺݐሻ ൌ
2݊௘௙௙
଴ߣ

ଶܦ
 ௘௙௙ܮ∆

ൌ
2݊௘௙௙
଴ߣ

ଶܦ
ሾܮ௢௙௙௦௘௧ ൅

ଵܥ െ ଶܥ
ଶܥଵܥ

ሺ
ݐ
ܦ
െ  ଴ሻሿߣ

(3) 

where  ൌ ݐ ⁄ܦ  defines the mapping between time and 
wavelength and D is the dispersion (in [ps/nm]) of the 
dispersive medium. The central frequency at 0 = ݐ is defined by 
the longitudinal offset ܮ௢௙௙௦௘௧ 

௖݂ ൌ
2݊௘௙௙
଴ߣ

ଶܦ
ሾܮ௢௙௙௦௘௧ ൅

ଵܥ െ ଶܥ
ଶܥଵܥ

ሺെߣ଴ሻሿ 
(4) 

and the corresponding RF chirp is 

ฬ
݀ ோ݂ிሺݐሻ
ݐ݀

ฬ ൌ 2݊௘௙௙
ଵܥ െ ଶܥ
ଶܥଵܥ

1

଴ߣ
ଶܦଶ

 
  (5) 

Note that for a fixed value of ܦ, the RF chirp is independent of 
the offset length and depends only on the grating chirp. 

The general schematic for a multi-channel OSS based on 
parallel DFPCs is shown in Fig. 3(a).  To demonstrate the 
principle, we consider simultaneous generation of two chirped 
microwave waveforms with different central frequencies and 
opposite signs of RF chirp; we designed two two-channel OSSs 
incorporating different parallel DFPCs (DFPC1 and DFPC2) 
with different cavity lengths ܮ௖ and cavity widths ௖ܹ, see Fig. 

3(b). The reflected outputs from the two DFPCs are combined 
via a Y-branch. The first OSS (OSS-1) employs DFPC1 

incorporating LCWBG-A1 with ܮ௖ = 300 μm to generate a 
waveform at shorter wavelengths, a lower central frequency, 
and a negative RF chirp, and DFPC2 incorporating LCWBG-A2 

with ܮ௖ = 600 μm to generate a waveform at longer 
wavelengths, a higher central frequency, and positive RF chirp. 
The second OSS (OSS-2) employs DFPC2 incorporating 
LCWBG-B1 with ܮ௖ = 600 μm to generate a waveform at shorter 
wavelengths, a higher central frequency, and a positive RF 
chirp, and DFPC1 incorporating LCWBG-B2 with ܮ௖ = 300 μm 
to generate a waveform at longer wavelengths, a lower central 
frequency, and a negative RF chirp. For OSS-1, the longitudinal 
offsets for DFPC1 and DFPC2 that generate the first and second 
waveforms are 591 μm and 894 μm, respectively, whereas the 
corresponding values for OSS-2 are 614 μm and 918 μm.  Based 
on Eqs. (4) and (5), the expected values for the central 
frequencies and RF chirps of the two generated waveforms for 
OSS-1 are 23 GHz, 31 GHz and ±45 GHz/ns, while those of 
OSS-2 are 30 GHz, 22 GHz and ±40 GHz/ns respectively. 

 

(a) 

 
(b) 

 
Fig. 3. (a) General schematic of integrated multi-channel OSS based on 

multiple parallel DFPCs and (b) schematic of the two-channel OSS designed 
for the proof of principle demonstration of simultaneously generating two 
chirped microwave waveforms with different characteristics.   

B. Multi-channel OSS based on an AWGSI 

The second OSS design is based on an AWGSI incorporating 
LCWBGs and the general schematic for multi-channel 
operation is shown in Fig. 4(a). For a proof of principle 
demonstration, we consider a two-channel OSS incorporating 
LCWBG1 and LCWBG2 in the two separate branches of the 
AWGSI for simultaneous generation of two chirped microwave 
waveforms, see Fig. 4(b). After splitting the input power into 
two paths via a 3-dB multimode interference (MMI) coupler, 
each path enters to one branch of the AWGSI, is reflected back 
from the LCWBGs, and then recombined in the MMI coupler. 
Each branch of the AWGSI generates one independent chirped 
microwave waveform with the profile defined by the patch 
imbalance and the grating chirp of the involved LCWBG. 
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LCWBG1 has a path imbalance of ∆ܮଵ ൌ ଵଵܮ െ  ଵଶ in theܮ
Sagnac loop where ܮଵଵ and ܮଵଶ are the two path lengths from 
LCWBG1 to the MMI coupler. Similarly LCWBG2 has a path 
imbalance of ∆ܮଶ ൌ ଶଵܮ െ  ଶଶ. If the LCWBG is at the centerܮ
of the Sagnac loop, ∆ܮ௜ ൌ 0 (i = 1,2).  

The central frequency and the RF chirp of each generated 
chirped microwave waveform can be calculated from (3) 
considering the effective cavity length of the Sagnac loop. The 
effective cavity length consists of the wavelength-independent 
path imbalance (∆ܮ௜) and the wavelength-dependent grating 
length difference (∆ܮ) where ∆ܮ ൌ ሺെ ௖ሻ ⁄ܥ  where ௖ is 
the center wavelength and ܥ is the grating chirp [22, 23]. The 
effective cavity length of the Sagnac loop can be obtained as: 

  

௘௙௙ܮ∆ ൌ ܮ∆ ൅
ఒିఒ೎
஼

   (6) 

 

 
(a) 

 
(b) 

 
Fig. 4. (a) General schematic of integrated multi-channel OSS based on an 

AWGSI incorporating multiple LCWBGs and (b) schematic of the two-channel 
OSS designed for the proof of principle demonstration of simultaneously 
generating two chirped microwave waveforms with different characteristics. 

To generate two chirped microwave waveforms at the same 
central frequency with opposite signs of RF chirp, we 
considered two LCWBGs having the same grating chirp and 
with the same magnitude of path imbalance, but placed in 
opposite locations relative to the center of the Sagnac loop, i.e., 
 ଶ < 0. We designed two OSSs; one of them (OSS-3) usesܮ∆ଵܮ∆
 ଶ = 2 mm and incorporates LCWBG-A1 to generate aܮ∆- = ଵܮ∆
waveform at shorter wavelengths with a positive RF chirp, and 
LCWBG-A2 to generate a waveform at longer wavelengths 
with a negative RF chirp. The second OSS (OSS-4) uses ∆ܮଵ = 
 ଶ = -2 mm and incorporates LCWBG-B1 to generate aܮ∆-
waveform at shorter wavelengths with a negative RF chirp, and 
LCWBG-B2 to generate a waveform at longer wavelengths with 
a positive RF chirp. 

Tables II and III summarize the parameters of all four OSSs. 
 
 

 
TABLE II  

PARAMETERS OF THE OSSS BASED ON THE DFPCS 
  LCWBG ܮை௙௙௦௘௧  

[nm] 
  ௖ܮ

[nm] 
௖ܹ  

[nm] 

OSS-1 DFPC1 A1 591 300 740 
DFPC2 A2 894 600 720 

OSS-2 DFPC1 B1 614 600  520 
DFPC2 B2 918 300 510 

 
TABLE III  

PARAMETERS OF THE OSSS BASED ON THE AWGSI 
  LCWBG ∆ܮ  [mm] 

OSS-3 LCWBG1 A1 +2 
LCWBG 2 A2 -2 

OSS-4 LCWBG 1 B1 -2   
LCWBG 2 B2 +2 

 
 

  
Fig. 5. Schematic and photo of experimental setup for generating multi-

channel WDM chirped microwave waveforms.  CCD camera images of the chip 
showing different DFPC (top) and AWGSI (bottom) devices. 

III. EXPERIMENTAL SETUP AND RESULTS 

The schematic of our experimental setup is shown in Fig. 5. 
A broadband pulse generated by a 20 MHz femtosecond mode-
locked laser passes through a 5 km spool of single mode fiber 
(SMF) having a dispersion of 85 ps/(nmkm) at 1550 nm for 
WTM. The broadband pulse is amplified to 8 dBm and coupled 
to the integrated OSSs by means of a fiber ribbon array. The 
angle of the fiber ribbon array is adjusted so that the response 
of the VGCs are centered with the spectral responses of the 
OSSs. The fiber-to-fiber insertion loss of the OSS is ~25 dB 
while the OSS itself introduces ~10 dB loss. A polarization 
controller (PC) is used to optimize the response and EDFAs are 
used to compensate losses. The spectral response is recorded by 
an optical spectrum analyzer (OSA) with a resolution of 50 pm. 
The temporal response of the waveform is detected by a 65 GHz 
bandwidth optical sampling module connected to a digital 
communications analyzer (DCA) in sample mode operation 
with a persistence time of 300 ms.  After the waveforms are 
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recorded, they are processed offline using MATLAB to 
calculate the spectrogram (time-frequency) representations and 
compressed pulse (correlation). The spectrogram 
representations are obtained using the function pspectrum and 
the parameters are adjusted to provide a compromise in 
resolution between the time and frequency domains.  

Figures 6 and 7 summarize the experimental results of the 
four multi-channel OSSs. 

 

 

 

 
 
 
Fig. 6. (a) Spectrum, (b) temporal, (c) spectrogram, and (d) correlation 

results of OSS-1 (left) and OSS-2 (right). 

The measured spectral and temporal responses, as well as 
calculated spectrograms and correlations (compressed pulses) 
for the waveforms generated using the parallel DFPCs, i.e., 
OSS-1 and OSS-2, are shown in Fig. 6. The spectrograms 
corresponding to the two temporal waveforms indicate that two 
independent chirped microwave waveforms with different 
central frequencies and opposite signs of RF chirp are 
generated. For OSS-1, the two waveforms have central 
frequencies of 21 GHz and 31 GHz and corresponding RF 
chirps of -52 GHz/ns and +49 GHz/ns. For OSS-2, the two 
waveforms have central frequencies of 36 GHz and 24 GHz and 
corresponding RF chirps of +46 GHz/ns and -51 GHz/ns.  

The measured spectral and temporal responses and 
calculated spectrograms and correlations for the waveforms 
generated using OSS-3 and OSS-4 appear in Fig. 7. The 
spectrograms show the generation of the two chirped 
microwave waveforms with the same central frequency due to 
the same amount of the path imbalance, yet opposite signs of 
RF chirp due to the location of the path imbalances in opposite 
directions relative to the center of the Sagnac loop. OSS-3 

generates two waveforms with the central frequencies of 70 
GHz and 67 GHz with the RF chirps of +27 GHz/ns and -29 
GHz/ns. OSS-4 generates two waveforms with the central 
frequencies of 69 GHz and 66 GHz with the RF chirps of -25 
GHz/ns and +25 GHz/ns.  Note that the central frequencies are 
different from those of the waveforms generated using OSS-1 
and OSS-2 since the values of Loffset are different. The large 
variation in amplitudes between the two waveforms can come 
from the spectral response of the EDFA as well as the VGCs 
(which vary when we optimize the coupling angle).  Additional 
adjustment of the experimental setup and parameters will 
reduce these variations; it is also possible to compensate for the 
difference using a programmable filter after the output EDFA 
(e.g., Finisar Waveshaper) or after demultiplexing the 
waveforms.   

 

  

 

 

 
 
Fig. 5. (a) Spectrum, (b) temporal, (c) spectrogram, and (d) correlation 

results of OSS-3 (left) and OSS-4 right). 

Note that the spectra show rather strong ripples.  These 
ripples are due to the spectral response of the individual 
LCWBGs in the OSSs (which, in turn, arise from errors in 
fabrication such as roughness on the sidewall corrugations from 
etching) as well as reflections from the VGCs and other parts of 
the device which can create FP resonances. The ripples, which 
translate into ripples in the temporal waveforms, can contribute 
to greater sidelobes in the compressed pulses (the impact of the 
ripples in the spectral will be ‘smoothed out’ due to WTM and 
the bandwidth of the photodetector used to record the temporal 
waveforms). The ripples can be reduced through improved 
fabrication. 

Generally, the TBWP of the chirped microwave waveforms 

can be estimated by ቀ
ସ௡೐೑೑

ఒబ
మ ቁ  ଶ where ݈ is the length of the݈ܥ
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LCWBG [21]. The TBWPs of the generated waveforms for 
OSS-1 are ~ 6 and 5.7 and those for OSS-2 are ~ 6.7 and 7.5. 
The estimated TBWPs of the generated waveforms for OSS-3 
are ~3.1 and 3.4 and for OSS-4 are both ~3.7. The TBWPs are 
quite small due to the very short grating lengths used (~ 0.3 
mm). To improve the TBWP, we need to optimize the grating 
chirp and length further.  For example, Zhang and Yao obtained 
a TBWP in excess of 600 using LCWBGs with a grating chirp 
of ~1.6 nm/mm and a length of 12.54 mm [15, 16].  While our 
LCWBGs have a grating chirp that is ~9 times larger (~14 
nm/mm compared to ~1.6 nm/mm), they are ~42 times shorter 
(~0.3 mm compared to 12.54 mm).  The TBWPs obtained in 
[15, 16] are nearly 200 times greater than those that we 
obtained, which is in agreement with the fact that the TBWP 
scales with Cl2.  We also note that reducing imperfections from 
fabrication and improving LCWBG design, e.g., using rib 
waveguides rather than strip waveguides (as in [15, 16]) can 
improve the linearity of the generated waveforms.  

Tables IV and V summarize the calculated and measured 
values for the chirp rate and central frequency of the waveforms 
generated by the OSSs. The results are generally in agreement 
with each other and the differences arise due to fabrication 
errors, uncertainty in grating chirp, and uncertainty in 
estimating the actual path imbalance. 

IV. DISCUSSION 

We have demonstrated two multi-channel integrated OSSs 
based on parallel DFPCs and an AWGSI incorporating 
LCWBGs. The following are the key features of our devices:  
1. They can be used to generate simultaneously two WDM 

chirped microwave waveforms that have different 
characteristics;  

2. The central frequencies and RF chirps of the generated 
waveforms can be set easily through the device parameters, 
e.g., grating chirp, cavity length, or path imbalance; 

3.  Since the waveforms are wavelength multiplexed, they can 
be separated easily using optical filters which may provide 
increased functionality, e.g., switching between range or 
resolution, in imaging applications; and 

4.  The structures are simple and based on LCWBGs which are 
compact.  

In contrast, there are several disadvantages such as the 
following:  
1. The total bandwidth that is available for spectral shaping is 

constrained by the bandwidth of the VGCs used for input 
and output coupling;  

2.  Increasing the number of channels will ultimately be limited 
by the bandwidth of the VGCs and/or the optical bandwidth 
that results from optimal grating design to achieve high 
TBWP; and 

 3.  The central frequencies and RF chirp are fixed by the device 
parameters.  

It is possible to tune the spectral response of the OSSs so that 
the central frequency and/or RF chirp (magnitude and sign) of 
the generated waveforms can be varied.  We can tune the 
LCWBGs using thermal or electro-optic effects in both OSS 
designs, [15, 16, 24].  Moreover, in the OSS design based on an 
AWGSI, it is possible to apply metal heaters on both sides of 
an LCWBG that is located at the center of the loop. Independent 

control over these two heaters will allow for precise tuning of 
the amount of path imbalance as well as the sign which, in turn, 
will allow for changing the central frequency and sign of the RF 
chirp of the generated waveform. As an example, if we heat the 
2 mm long waveguide segments used to create the path 
imbalances in the AWGSI and consider a temperature change 
of 30 C, this creates a change in optical path length of 0.012 
mm and correspondingly, a change in central frequency of 310 
MHz.  Greater changes are possible by heating longer path 
imbalances.  On the other hand, the OSS based on the DFPC 
will have limited capability to tune the central frequency of the 
generated waveform due to the relatively short (physical) cavity 
length of the DFPC (which will constrain the ability to vary this 
optical cavity length).  Moreover, by using electro-optic effects 
with pn junction waveguides, it will be possible to tune the chirp 
of the LCWBG and hence, the amount of RF chirp (assuming 
that a fixed amount of dispersion is used for WTM).  For 
example, using a 7 mm long chirped grating in a rib waveguide 
with a lateral pn junction, Zhang and Yao  demonstrated tuning 
of the grating dispersion by up to 1.4 ps/nm for an applied 
voltage of 20 V [16].   This allowed the RF chirp of the 
generated chirped microwave waveforms to be tuned by a 
fraction of 1 GHz/ns.  The reconfiguration speed of the OSS 
will depend on whether thermal or electro-optic effects are 
utilized; the latter support higher speeds of operation. 
 

TABLE IV 

MEASURED (CALCULATED) CHIRP RATE (ቚ
ௗ௙ೃಷሺ௧ሻ

ௗ௧
ቚ), CENTRAL FREQUENCY ( ௖݂) 

 First waveform (on the left) Second waveform (on the 
right) 

 ቚ
ௗ௙ೃಷሺ௧ሻ

ௗ௧
ቚ 

(GHz/ns) 

௖݂  (GHz) ቚ
ௗ௙ೃಷሺ௧ሻ

ௗ௧
ቚ 

(GHz/ns) 

௖݂  (GHz) 

OSS-1 -52 (-45) 21 (23) +49 (+45) 31 (31) 
OSS-2 +46 (+40) 36 (30) -51 (-40) 24 (22) 

  
TABLE V 

MEASURED (CALCULATED) CHIRP RATE (ቚ
ௗ௙ೃಷሺ௧ሻ

ௗ௧
ቚ), CENTRAL FREQUENCY ( ௖݂) 

 First waveform (on the left) Second waveform (on the 
right) 

 ቚ
ௗ௙ೃಷሺ௧ሻ

ௗ௧
ቚ 

(GHz/ns) 

௖݂  (GHz) ቚ
ௗ௙ೃಷሺ௧ሻ

ௗ௧
ቚ 

(GHz/ns) 

௖݂  (GHz) 

OSS-3 +27 (+22) 70 (52) -29 (-22) 67 (51) 
OSS-4 -25(-20) 69 (48) +25 (+20) 66 (48) 

V. SUMMARY 

We have demonstrated the simultaneous generation of WDM 
chirped microwave waveforms with different characteristics 
using integrated multi-channel OSSs and WTM. We designed 
and tested two different OSSs, one based on parallel DFPCs and 
one based on an AWGSI incorporating LCWBGs. The OSSs 
based on DFPCs generated two chirped microwave waveforms 
with different central frequencies and opposite RF chirps while 
the OSSs based on an AWGSI generated two chirped 
microwave waveforms at the same central frequency and 
opposite signs of RF chirp. Our work is significant as it 
highlights the feasibility for simultaneous generation of WDM 
chirped microwave waveforms which may provide the 
advantages offered by multiple channels, e.g., increasing 
functionality or capability of systems; moreover, integrated 
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brings the advantages of stability, compactness, and potential 
for tuning.   
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