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ABSTRACT 

Photonic generation and transmission of Linearly Chirped Microwave Waveform (LCMW) with a high Time-BandWidth 
Product (TBWP), of the order of 102 or more, is a widely used approach in Synthetic Aperture Radar (SAR) payloads to 
realize high range resolution, improving the distinction between two or more targets on the same bearing. In standard 
payload systems, an electronic approach based on voltage-controlled oscillator or digital signal processing, is used as 
LCMW generator, with both limited TBWP and operating frequency. In this context, a photonic approach plays a crucial 
role, ensuring low phase noise, high TBWP and operation frequency of the order of GHz, with a significant reduction of 
mass and size with respect to the electronic counterparts. Here, we propose the design of a Ka-band photonic LCMW 
generator, based on a frequency-tuneable Opto-Electronic Oscillator (OEO) and a Recirculating Phase Modulation Loop 
(RPML), with high spectral purity and high chirp rate in a small footprint. The OEO heart is a one-dimensional photonic 
crystal ring resonator with an ultra-high Q factor value and an optical delay > 10 μs. A low-frequency optical signal, with 
a high chirp rate and TBWP values of the order of 102-103, is generated in the RPML section. 
 
Keywords: Linearly chirped microwave waveform generator, photonic payload, optoelectronic oscillator 
 

1. INTRODUCTION 
Synthetic Aperture Radar (SAR) has become very popular due to the ability to perform low-cost imaging, unaffected by 
day-night illumination and weather conditions. SAR allows for high-resolution remote sensing and operates in different RF 
bands (S-, C-, X-, and Ka-bands), which made it widely used in the field of Earth Observation (EO) [1]. Key building 
blocks in a SAR are linearly chirped microwave waveform generator, frequency converter, analog-to-digital converter and 
beamforming network (see Fig. 1). The conventional approach for the Linearly Chirped Microwave Waveform (LCMW) 
generation is based on electronic systems as voltage controlled oscillators (VCOs) or digital signal processors (DSPs). 
Digital synthesizers or field programmable gate arrays (FPGAs), together with the analog-to-digital converter (ADC), are 
used to realize the direct digital synthesis of the chirped signal in the baseband, which is then shifted to higher frequencies 
by means of an up converter (e.g. TerraSARTM [2]). This approach shows a Time-BandWidth Product (TBWP) of around 
1000 with a center frequency and bandwidth limited to a few gigahertz. The choice of electronic components constitutes a 
limit to the speed and bandwidth of the system and does not meet the necessary requirements for new generation SAR 
payloads. Recently, schemes without up-converters have been presented, but the limit due to the presence of electronic 
components stays in place. The central frequency and bandwidth of the chirped electronic generator are limited to a few 
gigahertz [3]. 
Integrated photonics can overcome these limitations. Microwave photonics technology has great potential in realizing SAR 
payload systems, with wide detection range and good resolution. The use of photonic components allows not only to reduce 
size and mass of the payload, but also to ensure a more efficient control of the deployment of the antenna in orbit, and to 
implement subsystems traditionally made electronically, such as beamforming networks, high-precision sensors, analog 
RF front-ends, analog-to-digital converters, [4]. 
Low phase noise and higher TBWP are the further advantages of the photonic approach alongside the compatibility of this 
technology with the new generation operating bandwidths, i.e. the Ka-band (26.5 - 40 GHz), of interest to several space 
agencies. Future space EO missions require operating bands much larger than the X-band (e.g. CosmoSkyMed in X-band 
[5]) or S-band (e.g NovaSAR-1 [6]) due to the need to guarantee higher resolution and speed. 
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Figure 1: Design scheme of a SAR payload. MW: microwave; A/D: analog-to-digital; Tx: transmission; Rx: reception (Inset 
image credit: RADARSAT-2 Data and Products © MacDonald Dettwiler and Associates Ltd (2009)). 

Several configurations of photonic LCMW generators have been proposed in literature [7]. The most common architectures 
are based on self-heterodyne technique, spectral shaping and frequency- to-time mapping technique (SS-FTT), optically 
injected semiconductor laser and the combination of a frequency-tunable OEO and a recirculating phase modulation loop 
(RPML). 
The first approach is based on optical heterodyning technology by beating one sweeping optical signal with a continuous 
wave light. A TBWP of 4200, with a long duration of 1 μs and a bandwidth of 4.2 GHz, have been reported [8]. Despite 
of these good performance, this method suffers from a large phase noise due to non-coherent light sources. 
The SS-FTT method is based on shaping an ultrashort optical pulse by an optical spectral shaper containing a Sagnac loop, 
a Fourier transform pulse shaper and fiber Bragg gratings [9]. A dispersive medium executes the conversion to the time 
domain and produces the chirped pulse. The easy implementation makes this technique interesting, but the method presents 
TBWP in the order of tens at central frequency > 20 GHz. 
Period-one dynamics of an optically injected modulated laser [10] or dual-mode state of a single monolithically integrated 
amplified feedback laser [11] are used to develop injected laser-based chirp generator technique. Many discrete photonic 
components are required for the former approach, making the configuration bulky. An ultra-wide TBWP (e.g. 5.159 × 105) 
with a bandwidth larger than 5 GHz can be implemented with the latter approach, which presents a more compact solution. 
An attractive approach has been proposed by [12], where a TBWP of the order of tens has been achieved through the 
beating the output of a tunable OEO and of a RPML, controlled by a parabolic signal. Although performance are interesting, 
the architecture is bulky due to the presence of discrete photonic components. 
In this paper, we propose the design of a system in package Ka-band photonic LCMW generator, based on a frequency-
tunable OEO and a RPML, with high TBWP in a small footprint. The OEO core is a one-dimensional photonic crystal ring 
resonator with an ultra-high Q factor value and an optical delay > 10 μs, that ensures a phase noise@10 KHz from the 
carrier less than -120 dBc/Hz. A low-frequency optical signal, with a high chirp rate and TBWP of the order of 102-103, is 
generated in the RPML section by using multiple phase modulations and an suitable waveform as the driven voltage of the 
phase modulator. The Ka-band signal with a power of about – 10 dBm and a TBWP in the range 500 – 1000 is generated 
through the beating of the output beams of the OEO and RPML at a high-speed photodiode. 
 

2. SYSTEM DESCRIPTION 
The proposed architecture is shown in Fig. 2 and consists of two sections: a tunable OEO and a RPML, based on the system 
proposed in [12]. A continuous-wave light signal is generated by a tunable external cavity laser, that consists of a InP-
based gain chip and a planar lightwave circuit including a Bragg grating, with an output power of 20 mW, a linewidth ≤ 2 
kHz and a Relative Intensity Noise (RIN) of -140 dB/Hz [13]. The continuous signal is routed in two branches by using a 
3dB silicon power splitter [14]. One replica feeds an InP-based Mach-Zehnder modulator (MZM) [15], electrically driven 
by square wave voltage, that generates a chirp free optical pulse. The other replica enters a phase modulator (PM) [16] in 
the OEO to obtain a frequency-tunable microwave signal in the Ka-band. The output of the MZM is then sent to the RMPL 
section, where multiple phase modulations at the PM,  driven by a splitting parabolic waveform, increases the chirp rate. 
When the signal reaches the desired chirp rate, it is routed out by using a silicon MZI switch, driven by a square wave 
voltage [17]. 
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Figure 2. Configuration of the proposed LCMW generator (PS: power splitter, MZM: Mach-Zehnder interferometer 
Modulator, PC: power combiner, PM: phase modulator, SOA: Semiconductor Optical Amplifier, ODL: optical delay line, 
PhCRR: Photonic Crystal Ring Resonator, PD: photodiode).  

 
The LCMW is generated by beating the output of the OEO and RPML sections at the photodiode (PD), that operates at 
1.55 μm with a responsivity of 0.7 A/W, a dark current of 150 nA, a total resistance of 100 Ω and a bandwidth > 60 GHz 
[18]. 
The generator can be fabricated by a very innovative technological platform [19], which allows the bonding-enabled 
heterogeneous integration of Si-derived photonic components with InP-based high-performance optoelectronic devices, 
while, the RF components of the OEO section can be integrated on a MMIC, that could be packaged with the optoelectronic 
section, so, creating a system-in-package. 
In the following, the e.m. behavior of the proposed system is mathematically described. The lightwave E1(t) at the output 
of the RMPL section can be expressed as: 

E (t)=E01·s(t)·exp j 2πf0t + N πV
Vπ

c(t)  (1) 

where E01 is the amplitude of E1, f0 is the operating frequency of the light source (≈ 193 THz), s(t) is driven voltage of the 
MZM (see Eq. 2), c(t) is the splitted parabolic waveform that drives the PM in the RPML (see Eq. 3), N is the number of 
the round-trips in the RPML section, V is the peak-to-peak voltage of the parabolic waveform [12] and Vπ is the half-wave 
voltage of the PM. 

s(t) =  1  ≤ T0
0 else

 (2) 

 

 c(t)=
K · M

2

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧ (t-T0/2)2-(tn(1)- T0 2⁄ )2 tn(0) ≤ t ≤ tn(1)(t-T0/2)2-(tn(2)- T0 2⁄ )2⋮ tn(1) ≤ t ≤ tn(2)⋮(t-T0/2)2-(tn(M/2+1)- T0 2⁄ )2(t-T0/2)2-(tp(0)- T0 2⁄ )2(t-T0/2)2-(tp(1)- T0 2⁄ )2⋮(t-T0/2)2-(tp(M/2)- T0 2⁄ )2

tn(M/2) ≤ t ≤ tn(M/2+1)
tp(0) ≤ t ≤ tp(1)
tp(1) ≤ t ≤ tp(1)⋮

tp(M/2) ≤ t ≤ tp(M/2+1)
 (3) 

where M is the number of splitting, T0 is temporal duration of the signal, K= 4
T 0 2 , tn(i)= T0

2
- M-i

K· M
 , and tp(i)= T0

2
+ i

K· M
 . 

The lightwave E2(t) at the output of the OEO section could be expressed as: 
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E2(t)=E02·exp[j 2π f0 - fosc t ] (4) 

where E02 is the amplitude of E2, fosc is the oscillating frequency (≈ 193.04 THz). 
The LCMW is generated by beating the two lightwaves at the PD. In particular, by neglecting the DC component, the PD 
output i(t) can be expressed as: 

 i(t)∝ [E1(t)+E2(t)]2= cos 2πfosct+
NπV
Vπ

MK
2

t-
T0

2

2 −  t  ≤T0

0 else
 (5) 

where the parameter ai is extracted by Eq. (3) (ai= (tn(i)- T0 2⁄ )2 for tn(0) ≤ t ≤ tn(M/2+1), ai= (tp(i)- T0 2⁄ )2 for 
tp(0) ≤ t ≤ tp(M/2+1). 
The TBWP has been calculated by calculating the instantaneous frequencies (fist,max , fist,min) from Eq. (5): 

TBWP = |fist,max-fist,min|=  
2 ·M ·N ·V

Vπ
 (6) 

By assuming the signal duration T0 = 15 ns and a high speed travelling wave InGaAsP/InP phase modulator, with a 
bandwidth up to 40 GHz, Vπ = 1.8 V, and insertion loss (IL) equal to 3 dB [16] as PM in the RPML, the TBWP behavior 
by varying V, M, and N has been illustrated in Fig. 3. 
The electric response of the LCMW generator has been calculated by using a system level simulator for realistic modelling 
of complex system, including optical and optoelectronic components [20]. 

 
Figure 3. TBWP vs. N, V, and M, according to Eq. (6). 

 

2.1 Recirculating Phase Modulation Loop (RPML) 

The first module in the generator (Fig. 2) is the RPML. It consists of a silicon power combiner (PC) [14], a InGaAsP/InP-
based PM [16], a 2x1 silicon optical switch [17], a Semiconductor Optical Amplifier (SOA) (SOA1 in Fig. 2) [21] and a 
Si3N4 optical delay line. 
A chirp free signal is generated by a MZM driven by the signal s(t). The signal is N-times phase modulated by the PM, 
driven by a splitted parabolic signal c(t) with peak-to-peak amplitude V, until the switch is “off” (≈ N·T0). When the switch 
is in the state “on”, the chirped signal is routed out of RMPL and it is amplified by a SOA (SOA2 in Fig. 2) [22]. 
For the performance estimation, a silicon MZI 2x1 optical switch (SWITCH in Fig. 2) has been assumed, having a crosstalk 
of 30 dB, insertion loss of 0.05 dB and rise time and fall time equal to 3.2 ns and 2.5 ns, respectively [17]. The MZM is a 
InP/Si – based MZI with an extinction ratio of 52 dB [15]. 
The main goal of the optical delay line (ODL) is to synchronize the optical signal circulating in the RPML, aiming at 
achieving a delay of 15 ns to avoid the self-overlapping of the signal at the PM and to properly extract the signal when the 
switch is “on”. To this aim, a custom optical delay line has been designed. It consists of a Fermat spiral, based on a Si3N4 
100 nm x 2.8 μm waveguide [23], with a minimum radius of 4 mm [24]. The spiral has a footprint of 3.8 cm x 3.8 cm and 
a time delay of 14 ns with a propagation loss of 9.8 dB, calculated for the TE mode. To compensate the propagation losses 
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of the PM, SWITCH and ODL in Fig. 2, a SOA with a gain of 13 dB and a noise figure of 4 dB has been included in the 
feedback loop [21]. 
To properly design the shape of signal c(t), by taking into account the electronic constraints, a maximum value M equal to 
16 has been considered (see Fig. 3(a)) with V = 1.5 V. The output of the RPML by varying N is shown in Fig. 3(b). A 
TBWP of 532 and 1061 has been calculated for N = 20 and 40, respectively, that fit with the predicted values by using Eq. 
(6) (TBWP = 533 for N = 20, TBWP = 1066 for N = 40). 
According to the “law of the conservation of the power”, the bandwidth increase leads to a significant decrease of the 
optical power (see Fig. 3(b)), with an exponential trend. For N = 40, a power loss of 26 dB with respect the carrier has 
been calculated. Therefore, a SOA (SOA2 in Fig. 2) with gain of 25 dB and a noise figure of 8 dB [22], has been considered 
at the end of the RPML to compensate the aforementioned losses. 

  
(a) (b) 

Figure 4. (a) c(t) with M = 16. (b) RPML spectra by varying N (M = 16, V = 1.5 V). 

 

2.2 Optoelectronic Oscillator (OEO) 

The second building block in Fig. 2 is the OEO. The lightwave from the power splitter is phase modulated by the PM [16]. 
The optical beam at the PM output passes through the sensitive element (PhCRR), that acts as optical filter and time delay 
element [24, 25], is amplified by the SOA2 [11], and, then, O/E transduced by a photodiode. The photodiode output is 
filtered, phase shifted and then fed back to the modulator. The output beam is routed out by a PS [14] after the SOA2. The 
self-sustained oscillation is due to the positive feedback loop and it is generated when the SOA2 compensates the optical 
losses into the loop [26, 27]. 
The oscillator key building block is a Si3N4 ring resonator including a 1D photonic crystal (PhC) in the resonant path 
(PhCRR) (see Fig. 5(a)). The periodic structure consists of a top grating in an ultra-low-loss Si3N4 strip waveguide [23], 
obtained by modulating the thickness of the waveguide with a width w = 2.8 μm (tH = 100 nm and tL = 60 nm). The Si3N4 
bus waveguide has a thickness t of 100 nm and a width w of 2.8 μm, to ensure a single mode operation, placed on top of a 
thermal SiO2 15 μm thick. A period Λ of 526 nm has been designed for the grating in order to operate at about 1550 nm. 
A propagation loss of 3.5 dB/m has been assumed for the bus waveguide [23] while, for the grating, a propagation loss 
value one order of magnitude higher has been considered to take into account additional losses due to the grating 
fabrication. A radius R = 2 mm has been considered with a value of gap = 4.28 μm. The e.m. behavior has been calculated 
by using the mathematical model reported in [24, 28]. The spectral response shows a photonic bandgap centered at Bragg 
wavelength and band edge resonances with a variable free spectral range. The slow-light effect ensures ultra-high values 
of the Q-factor. The first band-edge resonance shows a Q-factor of 5.64 x 109 with an extinction ratio of about 10 dB (see 
Fig. 5(b)). 
The laser frequency f0 has to set in accordance with the resonance frequency of the optical cavity fR, aiming at achieving a 
filtering at f0 + 40 GHz. For the stabilization of the laser frequency, the Pound-Drever-Hall technique can be used [29]. 
For simplicity, f0 = 193 THz and the frequency resonance fR of the PhCRR at 193.04 THz have been considered. 
According to the OEO phase noise model based on the well-known Leeson’s approach developed in [30], a phase noise at 
10 kHz from the carrier < -120 dBc/Hz has been predicted, that results comparable with the state-of-the-art [31], within a 
very small footprint. 
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Figure 5. (a) Photonic Crystal Ring Resonator (PhCRR), (b) Transmission spectrum of PhCRR with R = 2 mm and gap = 
4.28μm (Δλ: wavelength shift with respect to fR). 

 
Figure 6. RPML output spectrum. 

The output of the OEO section is reported in Fig. 6, where, besides the carrier, spectral components at multiples and 
submultiples of 40 GHz appear. In order to linearly chirped modulating only the spectral component at 40 GHz, the 
suppression of the carrier and 40 GHz submultiples/multiples is needed. Therefore, the modulation index of 0.8 [32] and 
the use of a carrier filter with an ultra-high extinction ratio represents a good compromise. The filter at the output of the 
OEO consists of a silicon MZI, with one branch coupled to a ring resonator and the other to three serially coupled ring 
resonators, with an extinction ratio = 150.55 dB and a bandwidth = 0.243 nm, within a footprint of 60 μm × 160 μm [33]. 
 

3. LCMW GENERATOR PERFORMANCE 
The LCMW results by beating the outputs of the RPML and OEO at the PD. The electrical responses at the output for N = 
20 and N = 40 are reported in Fig. 7(a)-(b), respectively. N = 20 ensures a TBWP of 540 at 40 GHz with a mean output 
power of – 12 dBm and a RF spurious suppression ratio (RFSSR) of 10 dB, calculated as the worst difference between the 
optical power of the LCMW and the spectral components outside the bandwidth. For N = 40 a TBWP of 1076 at 40 GHz, 
an output power of about – 15 dBm and a RFSRR of 7 dB have been calculated. Since N = 40 leads a bandwidth of about 
66 GHz, the lower value of RFSSR with respect N = 20 (bandwidth equal to 33 GHz) is caused by a partial overlapping of 
the LCMW signals centered at 0 GHz and 80 GHz. 
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(a) (b) 

Figure 7. LCMW for N = 20 (a) and N = 40 (b). 

4. CONCLUSIONS 
The design of a Ka-band LCMW generator, with a TBWP larger than 500 and 1000 and an output power larger than -15 
dBm, has been reported in the paper. The proposed device consists of a RPML section, whose key element is a PM driven 
by an engineered splitted waveform able to provide a large TBWP, and an OEO section, whose key building block is a 
PhCRR with a Q-factor larger than 109 that ensures a phase noise < -120 dBc/Hz. To guarantee the compactness and the 
scalability of the device, it can be fabricated by innovative technological platform allowing the hybrid integration of ultra-
low loss passive devices with active ones. The calculated performance is suitable for Ka-band SAR system with a high 
range resolution. 
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