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A Fresh Look at Microwave Photonic Filters

Jianping Yao

xtensively researched in recent years, mi-
crowave photonic filters can be implement-
ed either in an incoherent operational re-
gime or in a coherent operational regime. In
the incoherent regime, a delay-line configu-
ration is usually used with a finite-impulse response
(FIR) or infinite-impulse response (IIR); to avoid optical
interference, an incoherence light source or a laser array
is used. Filter tuning and reconfiguration are achieved

by changing the time delay and the tap coefficients. In
the coherent regime, however, a single wavelength is
needed, and the filter’s spectral response is translated
directly from the spectral response of an optical filter.
Thus, a coherent microwave filter requires a well-de-
fined optical filter with a precisely controlled spectral
response. This article reviews the techniques for imple-
menting both incoherent and coherent tunable and re-
configurable microwave photonic filters.
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Incoherent Microwave Photonic Filters
Implementing microwave filters in the optical domain
by taking advantage of the low loss and large band-
width offered by modern photonics has been a topic
of interest in recent years, and numerous techniques
have been proposed [1]-[6]. An incoherent microwave
photonic filter is usually implemented using a delay-
line configuration with an FIR or IIR. The multiple
taps are realized using either a sliced broadband light
source or a laser array, with the time delay between
two adjacent taps achieved by passing a microwave-
modulated optical signal through optical paths having
different physical lengths or traveling in a single fiber
or waveguide with linearly chromatic dispersion.

Figure 1 shows a diagram of a delay-line microwave
photonic filter with an FIR. It consists of a light source;
a modulator, which can be a Mach-Zehnder modula-
tor (MZM) or a phase modulator (PM); a delay-line
module; and a photodetector (PD). The key device in
a microwave photonic filter is the optical delay-line
module, which can be implemented using an array of
fiber Bragg gratings (FBGs), an arrayed waveguide, a
chirped FBG (CFBG), or a dispersive fiber.

For an N-tap delay-line microwave photonic filter
with an FIR, the microwave signal at the output of the
PD is given by

y(t) =box(t)+bix(t =T)+bax(t —=2T)+---
+bno1x(t—(N—1)T), 1)
where bo, b1, by, ..., bny-1 are the coefficients of the N

taps and T is the time delay between two adjacent
taps. By applying a Fourier transform to (1), we have

Y(jw) = boX(jw) +b1e X(jw) + b2e*" X (jew) + -
+bon-1eN VT X (o). )

The transfer function of the microwave photonic
filter is

_ Y(jo)
X(je)
=bo + b1/ + by + ... + by T ©)]

H(jow)

Figure 2(a) shows the spectral response of a four-tap
microwave photonic filter with four coefficients of (1, 1,
1, 1). Since all the coefficients are positive, the spectral
response has a baseband resonance at zero frequency,
and the filter is a low-pass filter. The time delay between
two adjacent taps is 125 ps, corresponding to a free spec-
tral range (FSR) of 8 GHz, where FSR = 1/T. Figure 2(b)
shows the spectral response of a four-tap microwave pho-
tonic filter with four coefficients of (1, —1, 1, —1). Since two
coefficients are negative, the filter is a bandpass filter with
the central frequency of the passband at 4 GHz.

To avoid optical interference, delay-line microwave
photonic filters are usually implemented in the incoher-
ent regime. Figure 3 shows two microwave photonic fil-
ter configurations operating in the incoherent regime,
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To avoid optical interference,
delay-line microwave photonic
filters are operating in the
incoherent regime.

based on a broadband light source and a laser array. In
Figure 3(a), a broadband light source is modulated by an
RF signal at a modulator and sent to an array of FBGs.
The modulated light is then sliced by the FBGs in the
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Figure 1. A delay-line microwave photonic filter with an
FIR [4]. PC: polarization controller.
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Figure 2. The spectral response of a four-tap microwave
photonic filter with four coefficients of (a) (1,1, 1, 1) and

(b) (1, =1, 1, —1). The time delay between two adjacent taps
is 125 ps, corresponding to an FSR of 8 GHz.
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Figure 3. Two microwave photonic filter configurations operating in the incoherent regime based

on (a) a broadband light source and (b) a laser array [4].

array and reflected via an optical circulator (OC) to a
PD. The physical spacing between two adjacent FBGs
determines the time delay, and the reflectivities of the
FBGs determine the coefficients of the taps.

In Figure 3(b), N wavelengths from a laser array are
multiplexed at a wavelength multiplexer and modulated
by an RF signal at a modulator, and the modulated-signal
is then sent to a dispersive element, which can be a length
of dispersive fiber. If the dispersion parameter of the dis-
persive fiber is D (ps/nm km), the length of the dispersive
fiber is L, and the wavelength spacing between two adja-
cent wavelengths is A2, then the time delay between two
adjacent taps is T = AADL. For example, for a standard
single-mode fiber (SMF), D = 17 ps/nmkm;if AA = 0.735
nm and L =10 km, the time delay is T =125 ps,
and the FSR is 8 GHz. To reduce the size of the disper-
sive element, we may replace the dispersive fiber with a
CFBG or with a highly dispersive photonic crystal delay
line. Achieving the same time delay of 125 ps requires a
CFBG with a length of 125 mm or a photonic crystal delay
with an ultrashort length of 2.5 mm [7].

Tuning the filter spectral response is accomplished by
tuning the time delay or the wavelength spacing. For the

Laser
T Coupler
RF Input

Figure 4. A delay-line microwave photonic filter with a
negative coefficient using differential detection [4].
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Dispersive

Certain applications,
however, require an even
faster tuning speed, in
the nanosecond range,
which can be achieved
using a tunable optical
comb. A demonstration
of an optical comb tun-
able at a speed of 40 ns
was recently reported [8].

Itis known that a delay-line microwave photonic filter
operating in the incoherent regime would have all-pos-
itive tap coefficients [4]-[6]. Based on signal processing
theory, an all-positive-coefficient microwave delay-line
filter would only operate as a low-pass filter. To overcome
this limitation, considerable efforts have been made to
design a delay-line microwave photonic filter with nega-
tive or complex tap coefficients to achieve arbitrary filter-
ing functionality in the incoherent regime.

Delay-Line Microwave Photonic
Filters with Negative Coefficients
A simple approach to producing negative coefficients is
to use differential detection [9]. As shown in Figure 4,
a light wave from a laser source is modulated by an RF
signal at an MZM. The modulated optical signal is time
delayed by optical fiber delay lines with a time delay
difference between two adjacent taps of T. The time-
delayed signals from the fiber delay lines are fed into
a differential detection module, which consists of two
matched PDs, with the detected microwave signals
combined and subtracted electrically, leading to the
generation of a positive and a negative coefficient. In
this approach, the negative coefficient was not directly
generated in the optical domain, and the filter was not
all optical, but hybrid. The two-tap photonic microwave
delay-line filter shown in Figure 4 can be extended to
have multiple taps if the single-wavelength source is
replaced by alaser array and the 3-dB coupler is replaced
by a wavelength-division multiplexing demultiplexer.
Several techniques have been proposed for imple-
menting delay-line microwave photonic filters with nega-
tive coefficients entirely optically. One approach is to use
wavelength conversion based on cross-gain modulation
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(XGM) in a semiconductor optical amplifier (SOA) [10].
As shown in Figure 5, a tunable laser source (TLS) operat-
ing at A1 is modulated by an RF signal and then split into
two parts. One part goes through an optical fiber to intro-
duce a time delay, and the other part is combined with
a continuous-wave (CW) light wave from a laser source
operating at a different wavelength 1> and then fed into
an SOA. Due to the XGM in the SOA, the CW beam 1. is
also modulated by the input RF signal but with a 7 phase
inversion compared with the RF signal carried by 11,
which leads to the generation of a negative coefficient. An
optical bandpass filter is used to filter out the residual
signal at A:. Then, the time-delayed microwave sig-
nal carried by A: in the
upper channel and the 7-
phase-inverted RF signal
carried by A2 in the lower
channel are combined
and detected at a PD. A

RF Input

two-tap microwave pho-

tonic bandpass filter with

one negative coefficient
is thus realized.

Since the two wave-
lengths are generated by
two independent laser
sources, the detection
at the PD is incoherent.

: ; an SOA [4].
To avoid the beat signal
between the two wave-
lengths falling in the PP

) Negative Slope
passband of the filter, a

large wavelength spacing
with a beat frequency that
is greater than the band-
width of the PD should

signal is applied to the two MZMs, the envelopes of the
modulated optical signals are complementary. At the
output of a PD, two complementary microwave signals
are generated, corresponding to a positive and a negative
coefficient. The time delay difference between two adja-
cent taps is generated due to the chromatic dispersion of
a dispersive device.

To implement a delay-line microwave photonic
filter with multiple taps, a multiwavelength laser
source or a laser array is needed. For those taps with
positive and negative coefficients, the correspond-
ing wavelengths must be separately sent to the two
MZMs. A similar technique using only a single MZM

Time Delay
7O

A4: Noninverted

Figure 5. A delay-line microwave photonic filter with a negative coefficient based on XGM in

Poui/Pin  Positive Slope

be chosen. For example,
if the wavelengths are
in the 1,550-nm win-
dow and the wavelength
spacing is 1 nm, the beat
frequency is 125 GHz,
which is too high to be

detected by the PD. PC 1
Negative coefficients ,

& Source 1] ( X))
can be generated based
on two MZMs biased
at complementary trans-
mission slopes [11]. The
operation of phase inver-
sion is shown in Figure 6.
As the figure shows, the
two MZMs are biased at
the linear regions of the
left and the right slopes
of the transfer func-

PC2

tions. When a microwave filter schematic [4].
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Figure 6. A delay-line microwave photonic filter with negative coefficients based on phase
inversion using complementarily biased MZMs: (a) the phase inversion operation and (b) the
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This operation is shown in Figure 7(a). An RF signal
is applied to a PM via the RF port to phase-modulate
the multiple wavelengths applied to the PM via the
optical port. Since a PD functions as an envelope detec-
tor, if a phase-modulated signal is directly applied to

A delay-line microwave
photonic filter operating in the
incoherent regime would have
all-positive tap coefficients.

has been reported [12]. Considering the wavelength
dependence of the transfer function of an MZM,
a proper dc bias would make the MZM operate at
the complementary slopes of the transfer functions
when the optical wavelengths are at 1,550- and
1,310-nm windows.

All the filters discussed so far are implemented
based on the use of one or multiple MZMs. A delay-
line microwave photonic filter with negative coeffi-
cients can also be implemented based on a PM [13] [14].
The negative coefficients are generated based on phase
modulation to intensity modulation (PM-IM) con-
version in dispersive elements with complementary
dispersions, such as linearly CFBGs (LCFBGs) with
complementary chirps, by reflecting the phase-mod-
ulated optical signals from the LCFBGs with positive
or negative chirps; microwave signals with or without
7 phase inversion are generated at the PD. An added
advantage of using an optical PM is that no dc bias is
needed, which eliminates the bias drifting problem
that exists in an MZM.

Dispersive Device

D>0

Dispersive Device
D<0

Laser
°C
PM
Laser T
Source N

RF Input

L]
Mux

RF Output

(b)

Figure 7. (a) RF phase inversion based on PM-IM conversion through opposite dispersions.
(b) A delay-line microwave photonic filter with a negative coefficient based on PM—IM

conversion in two LCFBGs with opposite dispersions [4].
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a PD, no modulating signal will be recovered except a
dc. This conclusion can also be explained based on the
spectrum of a phase-modulated signal.

As shown in Figure 7(a), a phase-modulated signal
under small-signal modulation conditions has two side-
bands (+1 and —1 order) and an optical carrier with the
+1 and —1 order sidebands out of phase. The beating
between the optical carrier and the +1 order sideband
will exactly cancel the beating between the optical carrier
and the —1 order sideband. However, if the phase-modu-
lated optical signal passes through a dispersive element,
the phase relationship between the two sidebands and
the optical carrier will be changed, leading to the con-
version from PM to IM. In addition, depending on the
sign of the chromatic dispersion (positive or negative), a
recovered RF signal with or without a 7 phase inversion
would be generated, which would lead to the generation
of negative coefficients. The system configuration of the
filter is shown in Figure 7(b).

Negative coefficients can also be generated using
a polarization modulator (PolM) [15], [16]. A PolM is a
special PM that supports both transverse electric and
transverse magnetic modes, but with opposite phase
modulation indices. Fig-
ure 8(a) shows the opera-
tion in principle. A light
wave from a laser source
is sent to a PolM via a po-
larization controller (PC)
with its polarization direc-
tion aligned to have a 45°
angle with respect to one
principal axis of the PolM,
which is modulated by an
input RF signal. Thanks
to the polarization modu-
lation at the PolM, two
out-of-phase RF signals
carried by two optical car-
riers with identical wave-
lengths but orthogonal
polarizations are achieved
at the output of the PolM.
The optical microwave
signals are fed into a sec-
tion or two sections of
polarization-maintaining
fiber (PMF) to produce a
delay line with two or four
time delays. A microwave
photonic bandpass filter of
two or four taps with one
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or two negative coeffi-
cients has been demon-

strated [15]. ¢ \

For implementations

of a delay-line microwave A
photonic filter with an

arbitrary number of taps Laser P 1
and arbitrary tap coeffi- D0

cients, a modified struc-
ture based on a PolM
is shown in Figure 8(b)
[16]. Instead of using a

PolM

f

RF Input RF Output

(a)
single-wavelength  light y y
source, an array of N 135° Polarizer
wavelengths is employed. 45° 45°
An optical polarizer is X X
connected at the output

RF Input RF Output

PCy - + l Polarizer

of the PolM with its trans-
mission axis aligned a.t a}n L aser o
angle of 45° to one princi- Source 1| O | 5
pal axis of the PolM. By <
adjusting the polarization Laser Q¢
R . Source 2 | OO | §
directions of the input - PC, | g
light waves to be 45° or : - |2
135° to one principal axis Laser O |©
of the PolM, an in-phase Source N| OO
or out-of-phase intensity- PCy

modulated optical micro-
wave signal is obtained at

ON Dispersive
O 7 PolM = Delay Line

(b)

the output of the optical Figure 8. A delay-line microwave photonic filter with negative coefficients based on a PolM: (a) a

polarizer, which leads to
the generation of a nega-
tive or positive coefficient.
The time-delay difference
between adjacent taps is generated by using a dispersive
delay line, such as a dispersive fiber or a CFBG.

Delay-Line Microwave Photonic
Filters with Complex Coefficients
Frequency tuning of a delay-line microwave photonic fil-
ter is achieved by tuning the time-delay difference. How-
ever, the change of the time-delay difference leads to the
change of the FSR, which would result in the 3-dB band-
width being changed as well as a change in the entire
shape of the frequency response. For many applications,
however, it is expected that only the center frequency of
the passband or stopband is changed, while the spec-
tral shape remains unchanged. A solution to this prob-
lem is to implement a delay-line microwave photonic
filter with complex coefficients.

An N-tap microwave delay-line filter with complex
coefficients should have a transfer function given by

H(w) =ao+are-e7°T
4+ ... +ﬂN—1€_j(N_l)6 .o JoN-DT

N-1 . .
— anejne . e*/wnT, (4)
n=0
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delay-line microwave photonic filter based on a PolM using a single wavelength with time delays
generated by a section or two sections of PMF and (b) a delay-line microwave photonic filter based on
a PolM using N wavelengths with an arbitrary number of taps and arbitrary tap coefficients [4].
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Mz @2 (;1

SSB
Modulator

1x2
Coupler

Coupler

RF Input RF

Output

Figure 9. A two-tap delay-line microwave photonic filter
with a complex coefficient based on SSB modulation and
SBS [4]. LD: laser diode.

where T is the time delay difference between two adja-
cent taps. To tune the filter while maintaining the shape
of the frequency response, the phase shifts of all the taps
should maintain a fixed relationship, as can be observed
from (4). Therefore, the phase shift of each tap should be
tuned independently.
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consuming considerable power
at a high cost. A simplified

CO) MZM 1> configuration reported in [19]
PC generates a complex coefficient
T RF using a wideband-tunable opti-
RF Input Output cal RF phase shifter that con-
sists of two MZMs, as shown
v in Figure 10@). The phase of
Phoa pstizcglhli:;t';r 90° Hybrid Di[s)z?/;sieve the RF signal is shifted by
0° 90° simply adjusting the bias volt-
\_¢ ages applied to the two MZMs,
e and the phase shift remains
LD2 o0 MZM 2> constant over the entire micro-
PC <L wave spectrum of interest. Fig-
Vo v — ure 10(b) shows the measured
D3 Ao QNPT phase shifts for different bias
CXO > voltages over a large micro-
PC v l wave frequency band. As can
€ be observed, the phase shifts
) are independent of the micro-
wave frequency.
180 ——— —
135l r%w ] Nonuniformly Spaced
] Delay-Line Microwave
N v Photonic Filters

S g5 T—— i The microwave photonic fil-
% ters in [17] and [19] are very
0 or i complicated, especially with a
w451 _ large number of taps. For a sim-
90 _ pler structure, a new concept
] was proposed that generates
—135- 7 complex coefficients based on
_180 L Ly ] nonuniformly spaced  taps.
7 75 8 85 9 S5 10 It was demonstrated that the

Frequency (GHz)
(b)

Figure 10. A delay-line microwave photonic filter with a complex coefficient generated
based on an optical RF phase shifter: (a) the system architecture and (b) the measured
phase shifts for different bias voltages over a large microwave frequency band. The phase

shifts are independent of the microwave frequency [4].

In [17], a tunable delay-line microwave photonic filter
with a complex coefficient was reported, in which a com-
plex coefficient was generated by changing the phase
of the RF signal; this was realized based on a combined
use of optical single-sideband (SSB) modulation and
stimulated Brillouin scattering (SBS). The system setup
is shown in Figure 9. It was demonstrated that the phase
of a microwave signal carried by an optical carrier will
experience a phase shift if the spectrum of the optical car-
rier falls in the SBS gain spectrum when passing through
an optical fiber in which an SBS effect results [18].

In [17], since the generation of a complex coefficient
involves the use of a high-power erbium-doped fiber
amplifier (EDFA) to trigger the SBS as well as an additional
MZM and along fiber, the system is extremely complicated,

IEEE microwave magazine

complex coefficients can be
equivalently  generated by
introducing additional time
delays to the taps [20].

A uniformly spaced micro-
wave delay-line filter has an
impulse response hr(t) given

by

N-1
he(t) =D oxd(t —kT), (5)
k=0
where N is the number of taps, ax is the filter coeffi-
cient of the kth tap, T =2z / Q is the time delay differ-
ence between two adjacent taps, and Q is the FSR of the
filter. By applying the Fourier transform to (5), we have
the frequency response of the filter given by

HR(a)) :Nz_l ok exp(-]k%ﬂ)) (6)
k=0

It is known that Hr (w)has a multichannel frequency
response with adjacent channels separated by an FSR,
and with the mth channel located at @ = mQ. Note that
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except for the different central frequencies, the frequency
responses for all the channels are exactly identical.

In a delay-line microwave photonic filter based on
incoherent detection, the coefficients are usually all
positive; otherwise, special designs have to be incor-
porated to generate negative or complex coefficients.
However, a phase term can be introduced into a specific
coefficient by adding an additional time delay at a spe-
cific tap, and we call this a time-delay-based phase shift
[20]. For example, at @ =mQ, a time delay shift of At
will generate a phase shift given by Ap =—At X mQ.
Note that such a phase shift is frequency dependent,
which is accurate only for the frequency at mQ but
approximately accurate for a narrow frequency band at
around mQ.

For most applications, the filter is designed to have
a very narrow frequency band. Therefore, for the fre-
quency band of interest, the phase shift can be consid-
ered constant over the entire bandwidth. As a result, if
the mth bandpass response, where m # 0, is consid-
ered, one can then achieve the desired phase shift at
the kth tap by adjusting the time delay shift by Aty.
Considering the time delay shift of Az, one can get the
frequency response of the nonuniformly spaced delay-
line filter at around @ = mQ:

Hn(o) = [\121 ak exp[—j(k%[ + An)w]

z =
- o

=" arexp(—jwAti) X exp(—jk%[w)

z =
Il
L o

~ D ok exp(—jmQATi)] X exp(—jk%[co). 7)

0

>
Il

As can be observed from (7), it is possible to get
an equivalent phase shift (EPS) for each tap coef-
ficient. Specifically, if the desired phase shift for the
kth tap is @i, the total time delay 7x for the kth tap
is 7k =kT —@r/mQ. As a result, if the time delay of
each tap is adjusted, the filter coefficients will have the
required phase shifts to generate the required pass-
band with the desired bandpass characteristics.

In [20], a seven-tap delay-line microwave photonic
filter with nonuniformly spaced taps to produce a flat-
top bandpass frequency response was demonstrated.
The experimental setup is shown in Figure 11(a).
Assuming that the passband of interest is at m =1
and the frequency response of the bandpass has the
shape of a rectangle, then the corresponding impulse
response should be a sinc function, which has both
positive and negative values extending to infinity
along the horizontal axis. For practical implementa-
tion, the calculated impulse response should be cut
off to enable a physically realizable filter. If a regular
delay-line microwave photonic filter is employed to
produce the frequency response, the filter coefficients
can be selected to be [-0.12, 0, 0.64, 1, 0.64, 0, —0.12].
The frequency response is shown as the dotted line in
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The key device in a microwave
photonic filter is the optical
delay-line module.

Figure 11(b), where T = 82.6 ps, which corresponds to
an FSR of 12.1 GHz. The 3-dB bandwidth of the filter is
5.0 GHz with a central frequency of 12.1 GHz.

The same bandpass characteristics at m =1 can
be generated by using nonuniform spacing with all-
positive coefficients of [0.12, 0, 0.64, 1, 0.64, 0, 0.12]. The
time delays for the seven taps are then [-2.5T, —2T,
—~T,0,T,2T,2.5T]. As the figure shows, the taps are
nonuniformly spaced. Since at m = 0 there are no phase
shifts introduced into the taps, there is always a base-
band resonance that was eliminated by using an optical
PM to produce a notch at the baseband [21], [22]. The fre-
quency response of the PM—-IM conversion is designed
so that its first peak is located at f=12.1 GHz, which
is shown as the dashed-dotted line in Figure 11(b). The
overall frequency response of the nonuniformly spaced
filter is calculated and shown as the solid line in Fig-
ure 11(b). A flat-top frequency response is achieved in
a delay-line microwave photonic filter with all-positive

Dispersive Fiber

Magnitude (dB)

I T
.-----g-~\%%%%1:::'

—60

0 10 20
Frequency (GHz)

(b)

Figure 11. (a) A nonuniformly spaced delay-line microwave
photonic filter. (b) Frequency versus magnitude. Dotted line:
the frequency response of a reqular delay-line microwave
photonic filter with true positive and negative coefficients.
Dashed-dotted line: the frequency response of the PM-

IM conversion. Solid line: the frequency response of the
nonuniformly spaced delay-line microwave photonic filter [4].
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A microwave photonic filter can

also be implemented in the coherent
regime using a single-wavelength
light source.

54

coefficients. The 3-dB bandwidth was 4.9 GHz, and the
central frequency was 12.1 GHz.

A comprehensive study of the design of a nonuni-
formly spaced microwave delay-line filter was reported
in [23]. This technique is particularly useful for applica-
tions such as arbitrary microwave waveform generation
and microwave pulse compression. The concept has
been employed to implement RF pulse phase encoding
[24]. The concept has also been employed to implement
a delay-line microwave photonic filter with a quadratic
phase response for chirped microwave pulse genera-
tion [25] and pulse compression [26].

Coherent Microwave Photonic Filters
The delay-line microwave photonic filters discussed
so far belong to a incoherent microwave photonic fil-

RF Input RF Output
A ¢ B FBG ¢ T
Laser
Source C?j o o——tit—e—> PD
PC \/ FBG Spectrum
@o @o @o
A B C

Figure 12. A coherent microwave photonic filter, in which
an optical notch filter is used to filter out one sideband of a
phase-modulated signal, thus achieving PM—IM conversion.

LO

ters, where optical interference is eliminated by using
either a broadband incoherent light source or a laser
array. In fact, a microwave photonic filter can also be
implemented in the coherent regime using a single-
wavelength light source. Since a coherent microwave
photonic filter does not have a delay-line configura-
tion, optical interference is not an issue that would
affect the stable operation of the filter.

A general structure of a coherent microwave photonic
filter is shown in Figure 12. A narrow-linewidth light
wave from a laser source is sent to a PM. Assuming small-
signal modulation, at the output of the PM, an optical car-
rier and two sidebands are generated. Note that for phase
modulation, the two sidebands are out of phase. Thus,
detecting a phase-modulated signal directly at a PD will
not generate an RF signal except a dc since the beating
between the optical carrier and the lower sideband will
completely cancel the beating between the optical carrier
and the upper sideband. However, if one of the sidebands
is removed by an optical notch filter in transmission or
by using a dual-passband filter in reflection [27], such as
an FBG or two cascaded FBGs, then the phase-modulated
signal is converted into an SSB intensity-modulated sig-
nal, and the detection of the SSB intensity-modulated sig-
nal at a PD will generate an RF signal.

Figure 12 shows a coherent microwave photonic fil-
ter, in which an optical notch filter is used to filter out
one sideband of a phase-modulated signal, thus achiev-
ing PM-IM conversion. As can be observed, the entire
operation is equivalent to a microwave filter, with the
bandwidth determined by the bandwidth of the notch
of the optical notch filter (an FBG). The center frequency
is determined by the wavelength spacing between the
optical carrier and the center wavelength of the notch.
Thus, by simply tuning the center frequency of the
notch filter or the wavelength of the laser source, the
center frequency of the microwave bandpass filter can

be tuned. During tuning,
the spectral shape is kept
unchanged. This offers a
distinct advantage com-
; pared with an incoher-

DP-MZM
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e (e
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T

RF Input n
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Figure 13. A coherent microwave photonic filter implemented based on phase modulation and

PM-IM using SBS gain.
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filter, where the spectral
shape changes when the
filter is tuned unless com-
plex coefficients are used
to avoid such a spectral
shape change, as previ-
ously discussed.

In [27], instead of
using a single FBG in
transmission, two cas-
caded FBGs are used in
reflection with one FBG
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Figure 14. A coherent microwave photonic filter
implemented based on phase modulation and PM—IM
conversion using a PS-FBG [31].

to select one sideband; a phase-modulated signal is
converted into an SSB intensity-modulated signal. A
microwave photonic filter with a spectral shape identi-
cal to the notch of the second FBG is generated. The
major limitation of the technique in [27] is the large
passband since a uniform FBG was employed. The
passband of the microwave photonic filter is deter-
mined by the bandwidth of the FBG to select the side-
band. Using a ring resonator [28], the passband can be
smaller, but it is still too large for most applications.

Due to the ultranarrow bandwidth of an SBS gain or
loss spectrum, a microwave photonic filter with narrow
passband can be implemented based on phase modu-
lation and PM-IM conversion using this spectrum.
Figure 13 shows a configuration to implement a narrow-
band microwave filter based on SBS. A light wave from
a laser source at wo is split into two paths. At the upper
path, the light is modulated by a local oscillator (LO)
signal at a dual-parallel MZM (DP-MZM) to generate an
SSB with suppressed carrier (SSB-SC) signal. Assuming
that the frequency of the LO signal is wio, the generated
lower sideband is at wo — @w10. The SSB-SC signal is sent
to an EDFA to increase its power and then launched into
an SMF to stimulate the SBS effect.

The SBS gain and loss are located at wo —wio —ws
and wo —wio +ws. If one sideband of a phase-mod-
ulated signal is amplified by the SBS gain, then the
phase-modulated signal is converted into an intensity-
modulated signal, and the detection of the intensity-mod-
ulated signal at a PD will generate a microwave signal at
Lo —wsp, as shown in Figure 13. The entire operation of
the system is equivalent to a microwave bandpass filter,
with the passband determined by the SBS gain spectrum.

The advantage of this approach is that the filter can be
tunable by tuning the LO frequency, and the passband is
very narrow. However, the system is quite complicated,
especially because a high-power EDFA and a long SMF are
needed. A similar configuration can be used to produce a
microwave photonic notch filter if the PM is replaced by
another DP-MZM to generate unbalanced double-side-
band modulation. By removing part of the spectrum from
one sideband using the SSB loss to make the amplitude of
the sideband at that spectrum identical to that of the other
sideband, a notch with an ideally infinite notch depth is
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Figure 15. The operation of a coherent microwave photonic
filter. (a) The reflection spectrum (dashed line) and phase
response (solid line) of the PS-FBG. (b) The frequency
response of the coherent microwave photonic filter [31].

produced [29]. If the power ratio between the two side-
bands of the unbalanced double-sideband modulated sig-
nal is continuously controlled, then the microwave notch
filter can be tuned with a tunable notch depth, or the notch
filter can be controlled to become a bandpass filter with a
tunable passband gain [30].

To avoid using SSB that requires a high-power EDFA
and a long SME, one may use an optical filter with an
ultranarrow passband. Figure 14 shows the implemen-
tation of a coherent microwave photonic filter using a
phase-shifted FBG (PS-FBG) to perform PM-IM conver-
sion [31]. A PS-FBG is a special FBG with a phase shift
introduced to the FBG during the inscription [31]. For a
uniform FBG, if a 7 phase shift is introduced, an ultra-
narrow notch with a phase jump in the notch would
be generated in the reflection band [32]. If a phase-
modulated optical signal injected into the PS-FBG is
employed to modify the magnitude and the phase of
one sideband, PM-IM conversion would be achieved,
which would lead to the implementation of an ultranar-
row passband, as shown in Figure 15.

Figure 16 shows the frequency response of a coher-
ent microwave photonic filter using a PS-FBG. The
wavelength of the optical carrier is tuned such that the
lower sideband falls in the notch of the PS-FBG when
the microwave frequency is equal to the difference
between the frequency of the optical carrier and the
center frequency of the notch. By increasing the wave-
length of the optical carrier, the center frequency of the
microwave photonic filter is accordingly increased. Fig-
ure 16(a) shows the superimposed frequency responses
of the microwave photonic filter with a tunable central
frequency covering a frequency range of about 15 GHz

IEEE microwave magazine

55



The implementation of
microwave photonic filters in the
coherent regime can have a much
simpler configuration.
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with a tuning step of 1.45 GHz. As Figure 16(a) shows,
the ratio of the transmission peak to the sidelobe can
be as large as 40 dB. Figure 16(b) shows a close-up view
of the measured frequency response at about 6.9 GHz.
The 3-dB bandwidth is about 60 MHz. The bandwidth

| | |
AW N
a o O,

Magnitude (dB)
o
(§)]

=5

Frequency (GHz)
(a)

Magnitude (dB)

o5 o o5
Offset Frequency (GHz)

(b)

Figure 16. (1) The measured frequency responses of a
coherent microwave photonic filter when the second PS-FBG
is employed. (b) A close-up view of the frequency response
when the center frequency is tuned at 6.9 GHz [31].

can be further decreased by using a PS-FBG with a nar-
rower notch.

Coherent Microwave Photonic

Filters with a Flat Top

The same basic concept for implementing a coherent
microwave photonic filter based on PM-IM conver-
sion to translate the spectral response of an optical
filter to that of a microwave photonic filter can be
used to implement a microwave photonic filter with
a flat top [33]. Instead of using SBS or a PS-FBG, a spe-
cially designed superstructured FBG (SFBG) is used.
An SFBG is an FBG that is spatially modulated by a
periodic sampling function. Due to the spatial sam-
pling, the spectral response has multiple channels. If
one period of the sampling function is intentionally
increased by a half period, a 7 phase shift is intro-
duced equivalently to the grating, leading to a narrow
notch. The technique is called the EPS technique [34].

To have a flat bottom in the notch, the SFBG is
designed with two closely spaced notches; these are
achieved by introducing two EPSs into the structure.
Each phase shift produces a Lorentz-shaped notch,
and the combination of the two closely spaced Lorentz-
shaped notches results in a notch with a flat bottom.
When the SFBG with a flat-bottom notch is incorpo-
rated to perform PM-IM conversion, a passband with
a flat top is achieved.

The reflection bandwidth and notch width of the
SFBG, which determine the frequency tunable range
and bandwidth of the passband, can be controlled by
regulating the length and maximum index modu-
lation of the SFBG. Figure 17(a) shows a simulated
reflection spectrum of a PS-FBG with a single phase
shift, and Figure 17(b) shows a simulated reflection
spectrum of an SFBG with two phase shifts. Fig-
ure 17(c) shows the structure of an SFBG in which two
EPSs are incorporated.

Figure 18(a) shows
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| Bandwidth

Magnitude
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[Bandwijdt

the magnitude and
phase response in reflec-
tion of an SFBG with a
length of 32.4 mm. Due
to the limited resolu-
tion of the optical vec-
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tor analyzer, the notch
depth and shape cannot
be precisely shown. Fig-
ure 18(b) shows the fre-
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Figure 17. (a) Simulated reflection spectrum of a PS-FBG with a single phase shift. (b) Simulated
reflection spectrum of an SFBG with two phase shifts. (c) The SEBG structure [33].
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The flatness of the pass-
band is within +0.25 dB.
The phase response of
the microwave photonic
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filter is also measured and is shown in Figure 18(b).
Here, the phase response is linear in the passband.
The 3-dB bandwidth is 143 MHz, the 20-dB band-
width is 370 MHz, and the shape factor (defined as the
ratio between the 20- and 3-dB bandwidths) is cal-
culated to be 2.6, which is much smaller than those
reported in [32]. A smaller shape factor represents a
better selectivity.

By tuning the wavelength of the optical carrier, the
central frequency of the passband is tuned from 0.4 to
6.4 GHz, as shown in Figure 19. The magnitude and
bandwidth of the passband remain almost unchanged
during tuning, a feature that is important for applica-
tions where the loss and bandwidth are required to be
constant. The insertion loss is measured to be about 28
dB. The use of a high-power-handling PD may reduce
the loss [31]. The spurious free dynamic range (SFDR)
of the microwave photonic filter is also measured and
is about 83 dB-Hz*".

Coherent Microwave Photonic

Filters with Dual Passbands

For certain applications, microwave filters with dual
passbands are needed due to the increasing demand
for multiband/multifunctional microwave systems that
support various modern services. Such systems require
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Figure 18. (1) The measured reflection spectrum and
phase response of the SFBG. (b) The frequency response
and phase response of the microwave photonic filter using
the SFBG [33].
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For certain applications,
microwave filters with dual
passbands are needed.

microwave circuits and components that can handle
several different frequency bands. The same concept
already discussed can also be used to implement a
microwave photonic filter with two passbands [35].

The key component in a dual-band microwave pho-
tonic filter is an equivalent PS-FBG (EPS-FBG), which is
designed and fabricated using the EPS technique [34].
The EPS-FBG has multiple channels due to the spatial
sampling of the grating structure. EPSs introduced to
the +1 channels are realized through changing the
sampling function. Therefore, the fabrication of an EPS-
FBG is significantly simplified, since control of the spa-
tial sampling is in a micrometer scale, while control of
the phase shift in the fabrication of a true PS-FBG is in
a nanometer scale.

In the design, two 7z phase shifts are introduced to
both of the £1 channels to produce an ultranarrow and
flat-bottom notch in each channel. Figure 20 shows a
simulated reflection spectrum of an EPS-FBG with two
7 phase shifts. As can be observed, the notches are flat

Normalized
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|
o

0 1 2 3 4

Frequency (GHz)

5 6

Figure 19. The measured frequency response of the narrow
and flat-top microwave photonic filter with a tunable
passband from 0.4 to 6.4 GHz. [33].
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Figure 20. Simulated reflection spectrum of an EPS-FBG
with two phase shifts [35].
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Figure 21. An illustration of the generation of the two
passbands [35].
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Figure 22. A schematic of a dual-passband microwave
photonic filter [35]. VNA: vector network analyzer.

due to the use of the two phase shifts. A bandpass fil-
ter is achieved due to the PM-IM conversion by filtering
out one sideband of a phase-modulated signal. In a dual-
band microwave photonic filter, the PM-IM conversion is
performed at both the +1 channels, and thus two inde-
pendently tunable passbands are generated, as shown in
Figure 21. Because two 7 phase shifts are introduced to
achieve flat-bottom notches, the passbands have small
shape factors. Here, the shape factor is again defined as
the ratio between the 20- and 3-dB bandwidths.

To produce two independent passbands, two optical
carriers from two TLSs (TLS 1 and TLS 2) are tuned to
locate at the +1 channels of the EPS-FBG, as shown in
Figure 22. When one sideband of a phase-modulated
signal is suppressed by the notch in the +1 channel,
a passband with a central frequency of wi (the fre-
quency difference between the optical carrier and the
notch in the +1 channel) will be produced due to the
PM-IM conversion. Similarly, when one sideband of a
phase-modulated signal is suppressed by the notch in
the —1 channel, a passband with a central frequency of
w: (the frequency difference between the optical carrier
and the notch in the —1 channel) will also be produced.
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Figure 23. (1) The frequency response of the dual-passband
microwave photonic filter. (b) The frequency response and
phase response of the first passband. (c) The frequency
response and phase response of the second passband [35].

Therefore, there will be two passbands with central fre-
quencies of w1 and w2. The central frequencies of the
passbands can be tuned by shifting the wavelengths of
TLS 1 and TLS 2 independently.

Figure 23 shows the spectral response of the dual-
passband filter. The bandwidth and shape factor of the
first passband are 167.3 MHz and 3.8, respectively, and
those of the second passband are 143.4 MHz and 3.3.
The first and second passbands have frequency tunable
ranges of 54 and 7.4 GHz, respectively. The central fre-
quencies of both passbands can be continuously tuned.
Again, the shape of the spectral response of the two
passbands is unchanged during tuning. The variations
of the magnitude over the tunable ranges are main-
tained within +0.5 dB.
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The SFDRs for the two passbands and the noise fig-
ures (NFs) of the filter are two important parameters
that define the performance of the filter. The SFDRs
and the NFs can be improved if the optical carriers are
partially suppressed while keeping the power to the PD
unchanged. This operation is equivalent to increasing
the filter gains. This can be done using an SBS-assisted
filter, as shown in Figure 22.

The SBS-assisted filter is implemented using a
dispersion-shifted fiber (DSF). When the light waves
pass through the DSF and the powers of the optical
carriers are above the SBS threshold, Stokes waves are
generated, which travel along the DSF in the oppo-
site direction of the optical carriers. Note that, under
small-signal modulation conditions, the powers of
the sidebands are below the SBS threshold; thus, SBS
occurs only at the optical carriers, and the sidebands
are kept unchanged.

The Stokes waves go through PC 3, which is used
to adjust their polarization state, and then they are
launched into the DSF via OC 2. As the Stokes waves
consecutively circulate in the ring, the optical carriers
are suppressed. When the optical power at the input of
the PD is constant, the suppression of the optical carri-
ers will increase the gain of the system. The SFDRs for
the two passbands are 82.9 and 83.2 dB-Hz*?, when the
SBS-assisted filter is not incorporated into the system.
After connecting PC 3 with port 1 of OC 2, the optical
carriers are partially suppressed, and when the opti-
cal power at the input of the PD is kept identical to the
optical power without carrier suppression, the gain of
the system is improved by about 10 dB. The measured
SFDRs of the first and second passbands are then 89.8
and 90.6 dB-Hz>?, respectively, an improvement of
about 7 dB, and the NFs of the two passband filters are
decreased by 10 dB.

Conclusion

An overview of microwave photonic filters implemented
in both the incoherent and coherent operational regimes
has been provided. For microwave photonic filters imple-
mented in the incoherent regime, an incoherence light
source—usually a broadband light source such as a
light-emitting diode source, an amplified spontaneous
emission source, or a laser array—is needed. The prob-
lem of using a broadband light source is the low optical
power and high noise, which may cause the microwave
photonic filters to have a very poor NE. The use of a
laser array can avoid the problem, but the cost is high. In
addition, the tuning of the filter is usually performed by
tuning the wavelengths of the laser array, which is very
complicated (the wavelength spacing must be tuned). In
addition, the implementation of an incoherent micro-
wave photonic filter with an arbitrary spectral response
requires the filter to have complex coefficients, which
are hard to realize. The use of the nonuniform tap spac-
ing concept can simplify the implementation, but the
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An effective solution to increase
the dynamic range is to cancel the

third-order intermodulation terms.

complex coefficients are realized via changing the tap
spacing that is frequency-dependent and accurate only
for a specific frequency, and thus the frequency response
is precise for narrowband operation.

On the other hand, the implementation of micro-
wave photonic filters in the coherent regime can have
a much simpler configuration. The filter spectral
response is, in fact, the spectral response of an opti-
cal filter that is translated into the microwave domain.
Thus, the key to implementing a coherent microwave
photonic filter is to design an optical filter with a well-
defined spectral response. Tuning coherent microwave
photonic filter can be simply accomplished by tuning
the wavelength of the coherent light source.

Although both incoherent and coherent microwave
photonic filters offer the advantages of high operat-
ing frequency and large frequency tuning, the filters
usually have high insertion loss, poor NF, and a small
dynamic range. The use of a high-power-handling PD
may reduce the insertion loss and increase the noise per-
formance, but the dynamic range can only be improved
by using techniques such as prelinearization or post-
linearization, which should be done in the electronic
domain, making the filters complicated and costly. An
effective solution to increase the dynamic range is to
cancel the third-order intermodulation terms—a tech-
nique has been used for microwave photonic links [36].

Almost all microwave photonic filters reported in
the literature were implemented using discrete opto-
electronic and microwave components. Thus, the size
is large, the overall performance is limited, and the
cost is high. Using integrated photonic circuits should
be a solution to improve performance and to reduce
size and cost. For example, an integrated tunable opti-
cal delay line was implemented using a CMOS-com-
patible photonic circuit, and the delay line was then
used to demonstrate a microwave photonic filter [37].

However, although the size is reduced, current sili-
con photonic technology does not allow full integration
of the entire filter system, especially the light source,
which cannot be produced using silicon since silicon
is an indirect bandgap material and thus will produce
no light emission. To produce effective light emission,
direct bandgap materials must be used. One possible
solution is to employ hybrid integration, to produce
light emission and light amplification using a direct
bandgap material and using silicon for other functions
(modulation, time delay, and photodetection). With this
hybrid approach [38], fully integrated microwave pho-
tonic filters would perform better and be ready for prac-
tical applications.
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