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Abstract: This paper presents a continuously tunable microwave photonic notch filter with
a complex coefficient. The complex coefficient is generated using a radio-frequency (RF)
phase shifter that consists of a dual-parallel Mach-Zehnder modulator (DPMZM) and a
tunable optical bandpass filter (TBPF). By simply controlling the bias voltage of the DPMZM,
the frequency response of the filter can be continuously tuned over a full free spectral range
(FSR) without changing the shape of the frequency response.

Index Terms: Microwave photonic filter, microwave photonics signal processing, radio-
frequency (RF) phase shifter.

1. Introduction

Microwave photonic filters (MPFs) have attracted considerable attention during the past few years
due to their immunity to electromagnetic interference, their wide range of potential applications, and
their advantages in terms of bandwidth, tunability, and reconfigurability, as compared with tradi-
tional radio-frequency (RF) circuits [1]. In general, MPFs are based on the multitap delay line
concept. In order to avoid optical interferences and have a configuration free from the environ-
mental variation, various methods have been proposed to operate the MPF in the incoherent
regime, such as keeping the laser coherence time smaller than the optical delay time [2], using
multiple optical sources [3]-[5], or making the state of polarization of the optical signals be
orthogonal [6]. Recently, an optical comb source and a dispersive medium were used to implement
tunable programmable MPFs [7]. Compared with MPFs based on a multiple optical source, MPFs
using a single optical source are attractive due to cost issues. In [8], a switchable MPF was realized
using a single optical source and a pair of intensity modulators. A recent upgrade of this proposal is
based on single-wavelength optical source and phase-intensity hybrid modulation [9]. However, for
MPFs working in the incoherent regime, only positive coefficients can be realized since the intensity
is always positive, which results in a low-pass filter. To realize bandpass or high-pass MPFs,
negative coefficients are need. In [10] and [11], MPFs with switchable positive or negative tap
coefficients were demonstrated using fiber Bragg gratings (FBGs) [10] and tunable optical
bandpass filters (TBPFs) [11]. Moreover, much effort has been made to implement tunable filter
structures. The tunability is usually realized by adjusting the time delay difference, which results in
simultaneous undesirable changes of the free spectral range (FSR) and the shape of the frequency
response [12]-[14]. This problem can be solved by using microwave photonic phase shifters [15]
that are capable of providing a tunable phase shift up to full 360° that remains constant over the RF
region of interest or, in other word, using MPFs with complex coefficients. So far, two-tap microwave
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Fig. 1. RF phase shifter, along with the schematic optical spectra at different locations.

notch filters with one tap using an RF phase shifter have been implemented by several techniques,
such as stimulated Brillouin scattering (SBS) [16], coherent population oscillations [17], silicon-on-
insulator microring resonators [18], and all-optical differentiator [19]. In [16], however, to stimulate
the SBS, a 20-km single-mode fiber was used, which makes the system bulky. The configuration of
the RF phase shifter demonstrated in [15] is complex due to the use of too many components. In
[19], the RF phase shifter can only realize a 180° phase shift, which results in a half FSR tuning
range of the MPF.

In this paper, we demonstrate a novel and simple microwave photonic notch filter with a complex
coefficient. The phase of the RF signal can be continuously shifted over a full 360° range using a
dual-parallel Mach—Zehnder modulator (DPMZM) and a TBPF. Therefore, the filter can be tuned
over an entire FSR, while the shape of the frequency response remains unaltered.

2. Principles of Operation

The key component in our microwave photonic notch filter is a frequency independent RF phase
shifter, which was implemented by a commercial x-cut integrated DPMZM (Photline MXIQ-LN-40)
and a TBPF as shown in Fig. 1. The DPMZM is structured as two MZMs (MZM1 and MZM2) set in
parallel and forming a third MZM (MZM3). In the DPMZM, MZM1 was fed by an RF signal with peak
amplitude of V, and frequency of f,, and was biased at null point to implement carrier suppressed-
double sideband (CS-DSB) modulation. The optical field from MZM1 is given by [20]

E; = 2\1—@Emexp <j27rfot + jfcos2rfnt — jg)

= Ej,sin(fcos2rfat)exp(j2rfyt)/v2

Ein . Ein B
Ji(B)explj2n(fy — fm)t] + —=J1(B)explj2n(fo + fm)t 1

W 1(B)explj2n(fo — fm)1] W 1(B)explj2n(fo + fm)1] (1
where Einexp(j2rfyt) is the input optical field, f, is the frequency of the optical carrier (OC), J;(5) is
the first-order Bessel function of the first kind, 5 = (7/2) Vin/ Vi1, and V4 is the half-wave voltage of
MZM1. The RF port of the MZM2 was shorted and the bias voltage of the MZM2 was set at
maximum transmission point to allow the OC to pass through. The optical field from MZM2 can be
written by

1 . . T
+ Wi Einexp ( j2rfyt — jcos2rfpt + j 5)

E> = Epnexp(j2rfyt)/V/2. @)

Both the optical signals from MZM1 and MZM2 are combined in MZM3 to generate a CS-DSB+0OC
signal. A phase difference ¢3 between CS-DSB and OC signals was then achieved by controlling
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the dc bias of MZM3, V3. The optical field from DPMZM can be expressed as

Eount = [E1 + Ezexp(jgs)]/ V2 ©)

where ¢3 = (Vs — Vostset)/ Vs, Viz is the half-wave voltage of MZM3, and Vigset is the offset
voltage when ¢3 = 0. In order to achieve single-sideband (SSB) modulation, a TBPF was used to
remove the upper frequency sideband of the CS-DSB+OC signal. Therefore, the optical field from
the output of the TBPF is given by

Eawo = 2y (Dexplj2n(lo — fm)t] + L explj(2rtt + )] @

Then, if this optical signal were detected in a photodetector (PD), the RF signal would be pro-
portional to

i(t) = Eouto - Elyp o< E2 - J1(B) - cOS(27fnt 4 ¢3). (5)

It can be seen that the RF phase shift ¢3 is a linear function of the bias voltage V3, which is
independent of the RF.
The transfer function of a two-tap incoherent microwave photonic notch filter is given by

H(f) = a1 + ap - exp(—j2xfT) (6)

where a; and a, are the filter taps coefficients that can be real or complex, and T is the basic delay
of the filter. When the complex coefficients are changed by introducing a phase shift ¢3 to one arm,
the frequency response of the filter can be expressed as

H'(f) = ay + azexp(jos) - exp(—j2rfT) = H( - %) (7)
The notch position of the filter is changed by ¢3/27T. It must be pointed out that, by adjusting V3,
the notch position of the filter is varied while maintaining the shape and the FSR of the frequency
response unchanged, since the basic time delay between the two arms of the filter is fixed.

3. Experiments and Results

We first investigate the phase shift property of the photonic RF phase shifter based on the DPMZM
and the TBPF. In this experiment, the optical signal from a tunable laser source (TLS) emitting at
1549.935 nm with optical power of 12 dBm was fed to the DPMZM. The MZM1 and MZM2 were
biased at Vi = —-7.45V and V, = —3.65 V, respectively, to achieve a CS-DSB+OC signal. The
TBPF with 3-dB bandwidth of 0.8 nm was attached to the output port of the DPMZM to remove
the upper frequency sideband of the CS-DSB+OC signal. The optical spectra without and with the
TBPF are shown in Fig. 2. The modulation frequency of the DPMZM was 26 GHz. As can be seen,
the sideband suppression ratio is 43 dB. The transfer function of the TBPF is also shown in Fig. 2,
which was measured with the help of the amplified spontaneous emission (ASE) optical signal from
an erbium-doped fiber amplifier (EDFA). The roll-off of the TBPF was measured to be 196 dB/nm.
The TBPF introduced 4 and 5.3 dB optical power attenuations to the lower frequency sideband and
the OC, respectively, as shown in Fig. 2. Note that the OC was located at the high-frequency slope
of the TBPF transfer function and, thus, suffered more attenuation than the lower sideband.
Meanwhile, the TBPF also introduced a phase shift orgpr to the OC [2]. When the SSB modulated
optical signal, as shown in Fig. 2, was detected by a 45-GHz PD, the RF signal was recovered. We
used a 40-GHz vector network analyzer (VNA) to measure the phase shift of the recovered RF
signal. The VNA was calibrated when V3 = 1.1 V. Fig. 3(a) shows a nearly linear phase shift of the
26-GHz RF signal with respect to the control voltage (V3) of the DPMZM. A full 360° RF phase shift
was achieved when the dc bias of the DPMZM was tuned from —12.03 to 15.28 V, which was
determined by V3 of the MZM3. The measured phase shift versus RF for different bias voltage V3 is
shown in Fig. 3(b). As expected from (5), the measured phase shift is independent of the RF.
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Fig. 2. Measured optical spectra without and with the TBPF, as well as the transfer function of the TBPF.
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Fig. 3. (a) Measured phase shift of the 26-GHz RF signal with respect to the bias voltage V3 of the
DPMZM and (b) measured phase shift versus RF for different bias voltage V.

Therefore, it is possible to use this RF phase shifter to generate a complex coefficient in the two-tap
incoherent microwave photonic notch filter.

As shown in Fig. 2, the OC was located at the high-frequency slope of the TBPF transfer function
in order to block the upper frequency sideband. The TBPF imparted a fixed phase shift on OC. For
lower RFs, however, the phase of the lower optical sideband will also be changed due to the TBPF-
induced phase shift. Moreover, this phase shift is frequency dependent. Therefore, the bandwidth of
the RF phase shifter is limited by the roll-off property of the TBPF and the bandwidth of the DPMZM
employed. The frequency response of the RF phase shifter, as shown in Fig. 3(b), is almost flat, but
it displays a small ripple. This ripple can be attributed to the unstable phase shift of the TBPF
imparted on the OC since the relative frequency between the OC and the TBPF is unstable.

Fig. 4 depicts the schematic configuration of the two-tap incoherent microwave photonic notch
filter. Two distinct tunable laser sources (TLS1 and TLS2) were used in the experiment. They are
naturally incoherent. Thus, the minimal time delay in the filter is not limited by the coherence length
of the laser, and it makes possible to achieve a higher FSR for the filter. The frequency distance
between two lasers was adjusted at 200 GHz (TLS1: 1549.935 nm, TLS2: 1551.535 nm) to avoid
signal distortion caused by the beating signal between two lasers. The RF signal from the output
port of the VNA was split by an RF power splitter. Then, the same two RF signals were applied to
the DPMZM and a conventional signal-driver MZM. Light outputs from TLS1 and TLS2 were fed to
the DPMZM and the signal-driver MZM, respectively. The real coefficient of the filter is generated
in the lower arm with a path imbalance between the two taps. The upper arm was used to implement
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Fig. 4. Experimental setup of the two-tap microwave photonic notch filter with complex coefficient. TLS:
tunable laser source. DPMZM: dual-parallel Mach—Zehnder modulator. TBPF: tunable optical bandpass
filter. VOA: variable optical attenuator. PD: photodetector. VNA: vector network analyzer.
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Fig. 5. Frequency response of the two-tap photonic filter with complex coefficient for different bias
voltages (V3) of the DPMZM. Circles, experimental results; solid curves, theoretical results obtained for
fitted parameters.
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Fig. 6. Measured notch positions (marked as Notch1 and Notch2 in Fig. 4) of the photonic filter versus
the bias voltages (V3) of the DPMZM.

RF phase shifter that is needed to obtain a complex coefficient. A variable optical attenuator (VOA)
was added in the lower arm to provide amplitude balance between the two arms. Then, the optical
signals from two arms were combined to mutually interfere in the PD by a 3-dB optical coupler, and the
filter frequency response was measured by the VNA.
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Fig. 5 shows an excellent agreement of the measured and theoretical filter responses for different
bias voltages (V3) of the DPMZM. The FSR is 60.5 MHz, corresponding to 3.3-m optical fiber length
difference between the two arms. Note that the notch position of the filter is tuned while maintaining
the shape of the transfer function unaltered. Fig. 6 demonstrates that the notch positions (marked
as Notch1 and Notch2 in Fig. 5) of the notch filter can be continuously tuned over the full FSR,
without changing the spectral shape of the response, by adjusting the bias voltages (V3) of the
DPMZM.

4. Conclusion

We have demonstrated an incoherent microwave photonic notch filter with a complex coefficient.
The complex coefficient is generated using a DPMZM and a TBPF. By simply controlling the bias
voltage of the DPMZM, the frequency response of the filter can be continuously tuned over an entire
FSR while maintaining the shape of the transfer function unchanged. The limitation of the RF phase
shifter caused by the nonperfect transfer function of the TBPF has been analyzed. The calculated
and the measured frequency responses of the notch filter exhibit excellent agreement.
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