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Abstract: Digital signal processing has achieved great success in the field of signal
processing over the past several decades. However, as the bandwidth requirement in-
creases, the power consumption and effective number of bits (ENOB) of the analog-
to-digital convertor (ADC) have become bottlenecks. One solution is returning to analog
and applying microwave photonic technologies, which shows potential for multiband
signal processing. In this paper, a programmable integrated analog photonic signal pro-
cessor based on cascaded Mach—Zehnder interferometers (MZIs) and a channelized fil-
ter has been proposed. Different shapes of the signal processor can be acquired for
different applications. The highest processing resolution is 143 MHz, and the process-
ing range of the signal processor can be higher than 112.5 GHz. An application of the
signal processor for the signal extraction in a radio frequency (RF) photonic frontend
operating from L-band to K-band is presented.

Index Terms: Integrated optics devices, radio frequency (RF) photonics, analog optical
signal processing.

1. Introduction

Signal processing has become increasingly important for its potential applications in science and
engineering, which generally contains two subfields: analog signal processing and digital signal
processing. Since the development of digital signal processing in the 1960s, signal processing in
the field of radio frequency (RF) wireless communication [1], [2] or optical communication [3], [4]
has been mostly transformed from the analog to digital domain. This allows for many advantages
like for instance flexible programmable signal processing, high stability and interference toler-
ance. In particular, software radio (SR) technologies have been more inspired to researchers in
RF receivers since 1990s for their potential advantages of flexibility and reconfiguration [5]-[7].

Vol. 7, No. 5, October 2015 5501009



IEEE Photonics Journal Integrated Optical Analog Signal Processor

With the explosive development of wireless communication, radar communication, etc., the band-
width requirement of the system to analog-to-digital converters (ADCs) or digital signal processors
(DSPs) has grown to be higher than 10 GHz. However, achieving low power consumption at such
high frequencies with an acceptable effective number of bits (ENOB) is not feasible nowadays
[8]-[10]. One of the potential methods based on analog pre-signal processing has been pro-
posed to compensate the weakness of the digital methods [11], [12], whose aim is to simplify
the analog input signal to the ADC/DSP, thus decrease the bandwidth and power consumption
requirement of the ADC/DSP to an acceptable range. Nevertheless, it is inherently difficult for
electrical methods to implement a flexible tunable broadband scheme. Microwave photonics
combines the RF and photonics, which can overcome the bandwidth limitations of the electrical
domain and dramatically decrease power consumption at the same time [13]-[15], thanks to
the advantages of parallelism processing, large bandwidth, low loss, flexible tunability, and immu-
nity to electromagnetic interference (EMI) [16], [17]. The microwave photonic signal processors
have been extensively researched and some meaningful efforts have been raised, especially the
integrated ones are more attractive because of its small size and robustness [18]. In [19] and
[20], Telcordia's researchers proposed a programmable signal processor with a resolution (3-dB
bandwidth) of nearly 1-2 GHz. In [21], a cascaded lattice based signal processor with four zeros
and poles is presented. In [22], a signal processor in InP-InGaAsP platform has been proposed
with a tunable bandwidth of larger than 1.9 GHz. In our previous work, a silicon-on-insulator (SOI)
Mach—Zehnder interferometers (MZIs)-based signal processor has been proposed with a resolu-
tion of approximately 1.536 GHz [23]. However, for nowadays and the near future communication
applications, the effective bandwidth of the desired signal is usually around 100 MHz [24], [25],
even if at higher carrier frequency. There is a gap of approximately one order of magnitude be-
tween the resolutions of the proposed signal processors and the bandwidth of the desired signal,
which are partially limited by the high waveguide loss of the waveguide. Our co-authors from
LioniX B.V. demonstrated a Si3N4 waveguide with an ultralow waveguide loss of 0.1 dB/cm at
the bend radius of 70 um [26]-[28], which shows potential for longer delays and higher resolution
signal processors.

In this work, a seven-zeros programmable analog signal processor based on SizN, wave-
guides has been proposed and experimentally demonstrated. The amplitude and the phase of
the zeros can be tuned to achieve different response shapes. The highest resolution and pro-
cessing range of the signal processor are less than 143 MHz and larger than 112.5 GHz, re-
spectively, which make it feasible for multi-band microwave signal processing.

2. Device Design and Simulation

In our previous work [23], limited by the high SOl waveguide loss of about 3 dB/cm, only a 3-cm
long delay has been fabricated to obtain a filter with a resolution of approximately 1.5 GHz,
which is not enough for the application of wireless communication nowadays. Our co-authors
from LioniX B.V. proposed a SizN,; waveguide possessing an ultralow waveguide loss of
0.1 dB/cm at the bend radius of 70 um [26]-[28], which provides the possibility to realize a long
delay to get sub-MHz resolution for the signal processor and a high-Q ring resonator for the
channelized filter with large processing range.

Based on this low loss waveguide, we propose a novel programmable bandpass filter-based
RF photonic frontend as shown in Fig. 1. The down-conversion and optical filtering are com-
bined to simplify the signal and down-convert the desired signal to baseband or intermediate
frequency (IF) band before sending it to the ADC/DSP, which can decrease the bandwidth and
power consumption requirement to an acceptable range. The signal processor system in this
frontend includes the programmable signal processor based on the cascaded MZIs and the
channelized filter based on the add-drop ring resonator. In the programmable filter, three tun-
able couplers based on single stage MZI with identical arm lengths and two 50:50 couplers [29]
are adopted to balance the input power to the two arms of each of the three stage asymmetric
MZIs. The coupling ratios of the directional couplers utilized in this design are all 50:50 so that
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Fig. 1. Schematic diagram of the RF photonic frontend based on the programmable signal processor.
The upper path is for the LO, and the lower path is for the RF signal. The RF signal is up-converted to
the optical domain with a phase modulator (PM) and processed by the programmable signal proces-
sor, which includes three tunable couplers based on the identical MZI and three stage asymmetric
MZIs. A channelized filter based on the ring resonator is introduced to enhance the processing range
of the signal processor. The LO and the filtered signal combine at a 50:50 coupler and are detected by
a BPD to obtain the desired signal in baseband or IF frequency band.

the coupling ratio of the tunable coupler can be tuned from 0 to 1 in theory. The differential path
length of the first asymmetric MZI is the largest length L, the second stage is L/2, and the third
stage is L/4. On top of one arm of the MZIs are the phase shifters, which can be used to tune
the coupling ratio and adjust the phase relationship among the three stage asymmetric MZIs.

The simulation of the device is performed by the transfer matrix method [29], which can derive
the transfer function of the filter system, and with the help of Matlab, the device performance
can be simulated at different parameters. The transfer function of the proposed filter is derived
by the transfer matrix methods as shown in

T — I:r(r2e_j991 _ t2)e_j#72 _ tzre_jﬂl—,w (e‘j‘ﬂ + 1)} |:r(r2e_j993 _ t2)e_j4p4 _ t2re_je3L/272(e_j\P3 + 1)]

* [r(rze‘f*”5 — 12)e e — refL/4ys (7l + 1)} (1)

where r = V1 — k, t = /i, k is the amplitude coupling ratio of the couplers. ¢; is the phase in-
troduced by the phase-shifters, 3 = 2mng«/)\, nes is 1.535, the effective refractive index of the
waveguide, )\ is the wavelength of the light, and ~; is the amplitude loss difference induced by
the differential path length of the MZIs. The coupling ratios of the direct couplers utilized in this
design are all 50:50, so the transfer function can be simplified to

T Yzl = et — e (et )] (e = 1) e g (e e 41

% [(e—/'sﬂs _ 1)9”76 _ e—/‘ﬁ/-/473(e—/¢5 + 1)}7 @)

The phase on one arm of the MZIs ¢; can be tuned by the phase shifter on top of the wave-
guides. In theory, the coupling ratio of the tunable coupler can be tuned from 0 to 1 by tuning
the phase ¢1 35, when the coupling ratios of the two directional couplers are all 50:50 exacily.

Seen from the direct form implementation of the proposed programmable 7-zeros FIR filter in
Fig. 2(a), the amplitude and phase of the first four-zeros are coupled and fully decided by the
power ratio (cos(«) and sin(«q)) of the first tunable coupler and the phase . There is a 7/2
phase difference between the four-zeros, as shown in green in Fig. 2(b)—(d). The second two-
zeros are coupled and decided by the power ratio (cos(az) and sin(ap)) of the second tunable
coupler and phase a4. There is a m phase difference between the two-zeros, as shown in yel-
low. The third one-zero is determined by the power ratio (cos(as) and sin(«gz)) of the third tun-
able coupler and the phase g, as the one-red zero shows. By tuning the phase ¢;, the
amplitude and the phase of the seven-zeros can be altered, i.e. the shape of the filter can be
varied. Because of the characteristic of the MZlIs-based filter, the FSR of the filter is usually lim-
ited to approximately two times of the 3 dB-bandwidth, which would limit its application. In this
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Fig. 2. Device principle and performance. (a) Direct form implementation of the 7-zeros FIR filter.
cos(«;) and sin(«;) are the power distribution ratios to the two-arms of the MZIs. Characterized re-
sponses of the reconfigurable signal processor at different zeros distribution. (b)—(d) The four differ-
ent zeros distribution. (e)—(g) The response of the signal processor relative to the zeros-distribution
in (b)—(d). The solid red lines are the experimental measured response, and the dashed lines are
simulated.

design, 3-stage cascaded MZIs are employed to achieve a four times enhancement in FSR. To
further enhance the FSR, a channelized filter based on the microring resonator bandpass filter
is implemented as shown in Fig. 1. Thanks to the index-contrast between the SiO, and the
SizN4 and the low waveguide loss, the ultra-high Q filter with a large FSR tends to be realized
as a channelized filter.

3. Fabrication and Device Test

The proposed fully-reconfigurable high resolution FIR signal processor is fabricated by the
SisN4 technology as the picture of the device shows in Fig. 3(a). The waveguide is constructed
by two 170 nm strip SizN4 waveguides in high refractive index, which is separated by a 500 nm
SiO; layer in the middle [27]. The width of the waveguide is 1.2 um. The loss of this double-strip
SisN4 waveguide is typically lower than 0.1 dB/cm @ 70 um radius. To achieve a FIR filter with
a 3 dB-bandwidth of around 100 MHz, the largest delay L in this structure is set to 50 cm, which
would cause a loss difference between the two arms of the MZI. The differential path length of
the second and third stage MZIs are 25 cm and 12.5 cm, respectively, which would also induce
loss difference between two arms of each MZI. The tunable couplers based on the identical arm
length MZI are introduced to balance the power distribution to the unbalanced two-arms of the
MZI to optimize the filtering response with a tuning speed of approximately 500 us. The resis-
tances of the Cr/Au heater on top of one MZI arm are around 300 (2, separated by the cladding
layer of an 8 um thick thermal oxide. The radius and gap between straight waveguides and mi-
croring of the add-drop microring resonator for the channelized filter are 125 um and 2 um,
respectively.

A tunable high-resolution optical network analyzer based on the RF vector network analyzer
(VNA) is designed to measure the response of the filter as presented in Fig. 3(a). In this system,
a tunable laser source is separated to two paths with a 50:50 coupler, where one is used as the
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Fig. 3. Device measurement with VNA. (a). A VNA-based high resolution optical vector network
analyzer for measuring the performance of the high resolution reconfigurable signal processor.
(Right) Packaging of the chip and the picture of the last stage MZI. The response of the programma-
ble signal processor. (b) Signal-band response with bandwidth variation from 143 MHz to 300 MHz
of a single bandpass response. (c) Dual-band response with different separation. (d) Center fre-
quency variation of the single bandpass response.

optical local oscillator (LO) for down-converting, and the other is used as the optical carrier for
up-converting the RF sweeping source from the VNA to optical domain by the MZM to be an op-
tical sweeping source with the same sweeping resolution of the RF VNA. The null-biased MZM
is adopted to achieve the carrier-suppressed modulation of the RF sweeping source, and as the
response of the filter is periodic, a single bandpass filter is introduced to filter out the positive
modulated bands to avoid the interference of the negative modulated sidebands to be the clean
optical sweeping source. Then, an erbium doped fiber amplifier (EDFA) is introduced to amplify
the optical sweeping source before being sent into the device-under-test (DUT). As the device
is polarization sensitive, a polarization controller (PC) is set before the device to tune the polari-
zation to get the optimized coupling ratio. After that, the modulated bands are filtered by the pro-
posed filter. Then, the filtered signal is combined with the LO, detected by a photodetector to
the electronic domain, and sent back to the RF VNA to get the filter's response. Because of the
size mismatching between the waveguide and the optical fiber, the spot size convertors provided
by the LioniX B.V. are utilized to lower the coupling loss to around 3.5 dB. The measured fiber-to-
fiber loss is about 20 dB, and therefore, the device loss is about 13 dB.

In our experiment, with properly tuning the phase on one arm of the MZIs, different shapes of
response have been achieved. For example, in a single FSR, filters with 1 passband, 2 pass-
bands and 4 passbands can be realized and the measured results agree well with simulation re-
sults as shown in Fig. 2(e)—(g), when the zeros are distributed as presented in Fig. 2(b)—(d).
The device parameters are listed as L = 0.5 mand n = 1.99.

For the application of signal extraction, such as in wireless communications [24], [25], the
single passband and dual-band filter have been realized as shown in Fig. 3(b) and (c). The res-
olution of the filter can be altered from 143 MHz to more than 300 MHz with properly tuning the
phase shifters on top of the MZIs as presented in Fig. 3(b) and the FSR of the filter is main-
tained at approximately 1.466 GHz, which is enhanced by the scheme of cascaded MZIs as de-
scribed in [23]. As can be seen in Fig. 3(c), for the dual-band filter, the interval between the two
passbands can be altered without changing the 3-dB bandwidth of the two passbands, by tuning
the phase shifters on top of the filter, and the center frequency of the filter can also be swept
with the thermoelectric cooler (TEC) module, as shown in Fig. 3(d). The 3 dB-bandwidth and the
FSR of the channelized filter in this design are approximately 420 MHz and 225 GHz, respec-
tively, which can extend the operating frequency range of the signal processor from the L-band
to W-band.

Vol. 7, No. 5, October 2015 5501009



IEEE Photonics Journal

Integrated Optical Analog Signal Processor

Tunable LO

@ Bias @] — Optical Link
. —— Electrical Link
Optical | N
Delay Line PCa A N )
[000) MZM T [000) 1:1Coupler
pC1 = L
SisNy MZls Channelized —>Cj
CWL 3Ng !
EDFA Bandpass Filter  Filter \4\4 T
FSR
—™ L&

Balanced
Photodetector

Programmable Signal
Processor

RF Signal W

(@)
e
“‘\ “\ I I
VAVAVIN AN

Fig. 4. Schematic diagram of the RF photonic frontend. The LO and RF signal are up-converted to
optical domain with the MZM and PM, respectively. The desired signal is extracted by the proposed
programmable signal processor with a cascading channelized filter. The BPD used in this system
can suppress the even-order nonlinear signal and provide additional gain.
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4. Experimental Section

In the experiment, a multi-band RF photonic frontend based on the proposed single passband
filter is performed as the experimental setup shown in Fig. 4, which is introduced to evaluate the
performance of the signal processor. In this frontend, a continuous wave laser (CWL) is divided
to two paths by a 50:50 coupler and serves as the carriers for the LO and signal. The LO is up-
converted to optical domain by a null-biased MZM to achieve a carrier-suppressed modulation,
which is used as the optical LO for down-converting. The lower path is used as the optical car-
rier for phase-modulation of the received signal. As the electro-optical (EO) modulators are
polarization-sensitive, the PCs are put before them to achieve the optimized modulation effi-
ciency. An EDFA is utilized to amplify the signal before being sent into the signal processor for
signal extraction. Then the extracted signal would be coupled with the LO at a 50:50 coupler and
detected by a balanced photodetector (BPD) to get the desired signal for users. As the devices
are all polarization sensitive, a PC is set to maintain the TE polarization and achieve a smaller
coupling loss. In this experimental setup, a channelized filter based on the micro ring resonator
is introduced to enhance the processing range and outside band suppression ratio of the signal
processor and the performance of the filter is measured by the OVA (LUNA) as presented in Fig. 5.
The 3 dB-bandwidth, the FSR, and the outside band suppression ratio of the filter are approxi-
mately 420 MHz, 225 GHz, and 42 dB, respectively [30]. The insertion loss of the channelized filter
is approximately 9 dB including the fiber coupling loss. The center frequency of the channelized fil-
ter can be altered by more than 1 FSR with current lower than 45 mA, as given in Fig. 5(b), with a
resistance of about 200 2. Thanks to the narrow bandwidth and high out of band suppression ratio
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Fig. 6. Experiment results. (a) The four-band bandwidth signal with a bandwidth of about 20 MHz
extracted by the proposed bandpass high-resolution signal processor from L- to K-band. (b)—(e)
Constellations of the recovered four-band bandwidth signal in L-band. (f)—(i) Constellations of the
recovered four-band bandwidth signal in the K-band.

of the channelized filter, the out of band noise induced by the EDFA can also be suppressed effec-
tively so that the intensity noise impact on the transmitted signal would be reduced.

The parameters of the system are listed as follows, the center wavelength and the output
power of the continuous wave laser (CWL) are 1549.407 nm and 16.96 dBm, respectively and
the bandwidth of the MZM is 40 GHz. The bandwidth and half-wave voltage of the phase modu-
lator (PM) are 40 GHz and 7 V, respectively and the injected signals in the experiment are pro-
duced by the arbitrary waveform generator (AWG, Tektronix), the gain of the EDFA is
approximately 10 dB to compensate the loss of the whole link, the BPD used in this system is
the Thorlabs PDB410C with a responsivity of approximately 1.0 A/W.

To investigate the performance of the proposed programmable signal processor, multi-band
(from the L-band to the K-band) signals are generated as the test signal for signal extraction. As
long as the entire signal bandwidth is smaller than half of the FSR of the channelized filter, and
each bandwidth of the signal is smaller than the bandwidth of the programmable signal proces-
sor, the desired signal would be extracted out by the filter, by simply tuning the center frequency
of the filter to the center of the desired signal. In the experiment, the four-band signal with a
20 MHz bandwidth each and a separation of about 200 MHz is generated to represent the sig-
nal in wireless communications, such as the Wi-Fi signal. The modulation format of the OFDM
signals is 4-QAM with 1000 carriers. The detail of the used 4-QAM OFDM signal is listed as fol-
lows: the FFT size is 100000, the length of the cyclic prefix is 10, the number of the training
symbol is 2, and the real date rate is 40Mbps. As an example, the four-band signal at the fre-
quency bands, L-band (1.1, 1.3, 1.5, and 1.7 GHz), S-band (3.1, 3.3, 3.5, and 3.7 GHz), C-band
(6.1, 6.3, 6.5, and 6.7 GHz), X-band (10.1, 10.3, 10.5, and 10.7 GHz), Ku-band (15.1, 15.3, 15.5,
and 15.7 GHz) and K-band (18.1, 18.3, 18.5, and 18.7 GHz) are injected to the phase-modulator
for signal extraction in this experiment. By tuning the center frequency of the filter, the desired-
band signal would be extracted. By tuning the frequency of the LO, the center frequency of the
down-converted signal can be maintained at 40 MHz and the filtered signal is detected by the
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100 MHz BPD to get the down-converted signal. The filtered four-band signals at different
frequency bands are shown in Fig. 6(a). As can be seen in Fig. 6(a), all the signals at different
frequency band range from the L-band to the K-band are well extracted by the proposed filter
and recovered. The constellation of the received four band signals at the L-band and the K-band
are shown in Fig. 6(b)—(i) as an example and the EVM in L-band and K-band are around 18%
and 17.6%, respectively. The signal-to-noise ratios (SNRs) in the L-band and K-band are approx-
imately 11.9 dB and 12.5 dB, respectively. Limited by the effective bandwidth of the AWG and
the lowest frequency output of the microwave source, only the signals at L-to K-band are injected
to this system to test the performance of the proposed signal processor.

The electrical power consumption of the device in the experiment is about 0.52 W, which in-
cludes two parts, tuning the zeros of the signal processor to achieve a 143 MHz bandwidth of
about 0.12 W and altering the center frequency of the channelized filter in the entire FSR of
around 0.4 W.

Employing such a programmable signal processor-based RF photonic frontend, the RF band-
width signals from the L-band to the K-band are extracted by the signal processor and down-
converted to IF band below 100 MHz, which decreases the bandwidth requirement of the ADC,
i.e., decreases the power consumption and increases the ENOB effectively.

5. Conclusion

In this paper, a programmable high resolution and large processing range signal processor has
been proposed and experimentally demonstrated, based on the cascaded MZIs and the ring
resonator. Seven-zeros of the MZIs filter can be separated to three-parts for separately tuning
the phase-shifters on the structure. Namely, the shape of the signal processor can be altered,
which can be applied to reshape the signals to compensate system non-uniformities. With the
help of the ultralow loss SizsN4 waveguide, a delay line as large as 50 cm has been fabricated
and the highest resolution of the proposed signal processor measured in our experiment is
about 143 MHz, i.e. the Q of the filter is nearly 1.338 million. Meanwhile, based on the cascaded
MZIs structure, the FSR is enlarged to about 1.466 GHz. To further enhance the processing
range of the filter, the channelized filter is introduced to the system to achieve a processing
range of over 110 GHz. Thanks to the high performance of the signal processor, in the experi-
ment, the four-band bandwidth signals from the L-band to the K-band can be extracted and re-
covered with clean constellations. With the proposed RF photonic frontend technology, the RF
signals from L-to K-band are extracted by the signal processor entirely and down-converted to
below 100 MHz successfully, which would decrease the bandwidth requirement of the ADC/DSP
greatly.
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