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Abstract—Broadband and low loss capability of photonics
has led to an ever-increasing interest in its use for the gener-
ation, processing, control and distribution of microwave and
millimeter-wave signals for applications such as broadband
wireless access networks, sensor networks, radar, satellite commu-
nitarians, instrumentation and warfare systems. In this tutorial,
techniques developed in the last few years in microwave photonics
are reviewed with an emphasis on the systems architectures for
photonic generation and processing of microwave signals, pho-
tonic true-time delay beamforming, radio-over-fiber systems, and
photonic analog-to-digital conversion. Challenges in system im-
plementation for practical applications and new areas of research
in microwave photonics are also discussed.

Index Terms—Injection locking, microwave photonics, optical
generation and processing of microwave signals, phase-lock loop
(PLL), photonic analog-to-digital conversion, photonic microwave
filters, radio-over-fiber, true-time delay.

I. INTRODUCTION

that studies the interaction between microwave and
optical signals, for applications such as broadband wireless
access networks, sensor networks, radar, satellite communi-
cations, instrumentation, and warfare systems. In the past few
years, there has been an increasing effort in researching new
microwave photonics techniques for different applications.
The major functions of microwave photonics systems include
photonic generation, processing, control and distribution of
microwave and millimeter-wave (mm-wave) signals. Many
research findings have been reported in the last few years. In
general, the topics covered by microwave photonics include
photonic generation of microwave and mm-wave signals, pho-
tonic processing of microwave and mm-wave signals, optically
controlled phased array antennas, radio-over-fiber systems, and
photonic analog-to-digital conversion. In this tutorial, tech-
niques developed in the last few years in microwave photonics
will be reviewed with an emphasis on the systems architectures
for photonic generation and processing of microwave and
mm-wave signals, photonic true-time delay beamforming for
phased array antennas, radio-over-fiber systems, and photonic
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Fig. 1. Optical mixing of two optical waves to generate a microwave or
mm-wave signal. PD: photodetector.

analog-to-digital conversion. Challenges in system implemen-
tation and new areas of research in microwave photonics are
also discussed.

II. OPTICAL GENERATION OF MICROWAVE SIGNALS

A low phase noise and frequency-tunable microwave or
mm-wave source is desirable for many applications such as
in radar, wireless communications, software defined radio,
and modern instrumentation. Conventionally, a microwave or
mm-wave signal is generated using electronic circuitry with
many stages of frequency doubling to achieve the desired
frequency. The system is complicated and costly. In addition,
for many applications, the generated microwave or mm-wave
signal should be distributed to a remote site. The distribution
of a microwave or mm-wave signal in the electrical domain is
not practical due to the high loss associated with electrical dis-
tribution lines, such as coaxial cable. Thanks to the extremely
broad bandwidth and low loss of the state-of-the-art optical
fibers, the distribution of a microwave or mm-wave signal over
optical fiber is an ideal solution to fulfill this task. Therefore,
the ability to generate a microwave or mm-wave signal in
the optical domain would allow the distribution of the signal
via optical fiber from a central office to a remote site, greatly
simplifying the equipment requirement.

Usually, a microwave or mm-wave signal can be generated in
the optical domain based on optical heterodyning, in which two
optical waves of different wavelengths beat at a photodetector.
An electrical beat note is then generated at the output of the
photodetector with a frequency corresponding to the wavelength
spacing of the two optical waves [1]. Assume that we have two
optical waves given by

E1 (f) :EOI COS(wlt + ¢1) (1)
E2 (t) :E02 COS(a)Qt + ¢2) (2)
where Ey1, Foo are the amplitude terms, w;, wo are the an-

gular frequency terms, and ¢, ¢ are the phase terms of the
two optical® waves.
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Considering the limited bandwidth of the photodetector, the
current at the output of the photodetector is given by

Igr = Acos (w1 — ws) + (¢1 — P2)] 3)

where A is a constant which is determined by Ey;, Foo and the
responsivity of the photodetector.

As can be seen from (3), an electrical signal with a frequency
equal to the frequency difference of the two optical waves is
generated. This technique is capable of generating an electrical
signal with a frequency up to THz band, limited only by the
bandwidth of the photodetector. However, by beating two op-
tical waves from two free-running laser diodes would lead to
a microwave or mm-wave signal with high phase noise since
the phases of the two optical waves are not correlated, which
will be transferred to the generated microwave or mm-wave
signal. Numerous techniques have been proposed and demon-
strated in the last few years to generate low-phase-noise mi-
crowave or mm-wave signals with the two optical waves being
locked in phase. These techniques can be classified into four
categories: 1) Optical injection locking, 2) Optical phase-lock
loop (OPLL), 3) Microwave generation using external modula-
tion, and 4) Dual-wavelength laser source.

A. Optical Injection Locking

To generate a high-quality microwave or mm-wave signal, the
phases of the two optical waves used for heterodyning must be
highly coherent. The phase coherence of the two laser diodes
can be realized by using optical injection locking [2]. Fig. 2
shows an optical injection locking system that consists of one
master laser and two slave lasers. As can be seen an RF refer-
ence is applied to the master laser. Due to frequency modulation
(FM) at the master laser, an optical carrier and different orders
of optical sidebands are generated at the output of the master
laser. The signal at the output of the master laser is then in-
jected into the two slave lasers. The two slave lasers are selected
such that their free-running wavelengths are close to two side-
bands, say the +2nd-order and —2nd-order sidebands in Fig. 2.
Therefore, the wavelengths of the two slave lasers are locked
to the +2nd-order and —2nd-order sidebands, optical injection
locking is thus achieved [2]. Since the two wavelengths from
the two slave lasers are phase correlated, the beating of the two
wavelengths at a photodetector would generate a beat note with
low phase noise. In addition, depending on the design the fre-
quency of the beat note is equal to an integer multiple of the
frequency of the RF reference applied to the master laser.

In a simplified version [3], the two slave lasers were replaced
by a single multi-longitudinal-mode slave laser with a longi-
tudinal mode spacing of 35 GHz. Again, the master laser is
frequency-modulated by an RF reference with a frequency of
5.846 GHz. Two longitudinal modes of the slave laser are thus
locked by the +3rd-order and —3rd-order sidebands of the fre-
quency-modulated signal. A beat note at 35-GHz was gener-
ated, which was observed by an electrical spectrum analyzer.
The 3-dB spectral width of the generated beat note was smaller
than the 10-Hz resolution of the spectrum analyzer.
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Fig.2. Optical injection locking of two slave lasers. The master laser is directly
modulated by a RF reference with its output injected into the two slave lasers.
The slave lasers are wavelength-locked by the 4-2nd-order and —2nd-order side-
bands from the output of the master laser.
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Fig. 3. Schematic of an optical phase lock loop. LD: laser diode. PD: photode-
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B. Optical Phase Lock Loop

Another approach to achieving phase coherence between two
optical waves is to use an optical phase lock loop (OPLL), in
which the phase of one laser is actively locked to that of a second
laser by an OPLL, as shown in Fig. 3. This technique has been
explored extensively in the past few years [4]-[10]. To achieve
effective phase locking, the two lasers should be selected to have
narrow linewidths and therefore have phase fluctuations only at
low frequencies, which would ease significantly the requirement
for a very short feedback loop.

As shown in Fig. 3, a beat note is generated at the output of
the photodetector. The phase of the beat note is compared with
that of an RF reference from a microwave generator at a mixer
followed by a low-pass loop filter. The module in the dotted box
is an electrical phase detector, with the output voltage being pro-
portional to the phase difference between the beat note and the
RF reference, which is an error voltage that is fed back to con-
trol the phase of one of the laser source by changing the laser
cavity length or the injection current. With a proper feedback
loop gain and response time, the relative phase fluctuations be-
tween the two lasers are significantly reduced and the phase of
the beat note is locked to the RF reference.

It was reported that an OPLL system using two Nd: YAG
lasers could generate a microwave signal continuously tunable
from 6 to 34 GHz with a linewidth less than 1 mHz [8].

To increase the frequency acquisition capability, a modified
OPLL that incorporated a frequency discriminator was proposed
[9]. It was demonstrated with the incorporation of the frequency
discriminator, a pull-in range as large as 300 MHz was realized.
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To reduce the feedback frequency, recently an OPLL incor-
porating a frequency down-conversion module was proposed
and demonstrated [10]. The use of the frequency down-con-
version module allows the use of lower-frequency components
in the phase control module, which would reduce significantly
the system cost. In addition, in a discriminator-aided OPLL, the
use of the frequency down-conversion module would also allow
the use of lower-frequency components in the frequency control
module to reduce the system cost [10].

C. Optical Injection Phase Locking

To further improve the signal quality, it was proposed in
[11] that the two techniques of optical injection locking and
optical phase locking can be combined in a single optical
locking system. The diagram of an optical injection-locking
and phase-looking system is shown in Fig. 4. The system
consists of a master laser, a slave laser, an external modulator,
a photodetector, and a phase detection module (dotted box).

As can be seen from Fig. 4, the light from the master laser
is divided into two channels, with one channel coupled into the
modulator before being injected into the slave laser. The slave
laser is locked to one sideband of the modulated signal for op-
tical injection locking of the system. The other channel of the
light from the master laser is combined with the output of the
slave laser and beat at the photodetector. The beat note is mixed
with a microwave reference, with the mixing output filtered by
a low-pass filter to achieve phase-locking of the wavelength
from the master laser. It was demonstrated experimentally that
the proposed system offers lower phase noise compared with
the techniques using an injection-locking-only or OPLL-only
system.

D. Microwave Generation Based on External Modulation

In addition to the techniques using optical injection locking
and OPLL, high-quality microwave signals can also be gener-
ated based on external modulation [12]-[15]. A method to gen-
erate an mm-wave signal using an external optical modulation
technique was first proposed in 1992 [12]. A frequency-dou-
bled electrical signal was optically generated by biasing the
Mach—Zehnder modulator to suppress the even-order optical
sidebands. A 36-GHz mm-wave signal was generated when the
Mach—-Zehnder modulator was driven by an 18-GHz microwave
signal. Such a system was employed for a remote delivery of
video services [13]. In 1994, another method was proposed to
generate a frequency-quadrupled electrical signal. Instead of bi-
asing the Mach—Zehnder modulator to suppress the even-order
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Fig. 5. Microwave signal generation based on external modulation using
a Mach—Zehnder modulator and a wavelength-fixed optical filter. MZM:
Mach—Zehnder modulator. PD: Photodetector.

optical sidebands, the method [14] was based on the quadratic
response of an optical intensity modulator. The optical carrier
and the first and third-order optical sidebands were suppressed
by adjusting the drive signal level. A 60-GHz millimeter-wave
signal was generated when a 15-GHz drive signal was applied
to the Mach—Zehnder modulator. However, to ensure a clean
spectrum at the output of a photodetector, an imbalanced
Mach—Zehnder filter with a free spectral range (FSR) equal
to the spacing of the two second-order optical sidebands are
used to suppress the unwanted optical spectral components.
Recently, an approach using an optical phase modulator to
generate a frequency-quadrupled electrical signal was proposed
[15]. In this approach, a Fabry—Pérot filter was used to select
the two second-order optical sidebands. An electrical signal
that has four times the frequency of the electrical drive signal
was generated by beating the two second-order sidebands at a
photodetector. A key advantage of these approaches in [14],
[15] is that an optical modulator with a maximum operating
frequency of 15 GHz can generate a millimeter-wave signal
up to 60 GHz. However, since both approaches rely on the
optical filter to select the two optical sidebands, to generate
tunable mm-wave signals a tunable optical filter must be used,
which increases significantly the complexity and the cost of the
system.

For system applications with frequency reconfigurability,
such as wideband surveillance radar, spread-spectrum or
software-defined radio, a continuously tunable microwave or
mm-wave signal is highly desirable. In [16], [17], two ap-
proaches to generating frequency tunable microwave signals
using a wavelength-fixed optical filter were demonstrated.

1) Intensity-Modulator-Based Approach: Fig. 5 shows a
system to generate a continuously tunable mm-wave signal
based on external modulation using a Mach—Zehnder modulator
and a wavelength-fixed optical filter [16]. The significance of
the technique is that no tunable optical filter is required, which
simplify significantly the system implementation.

As can be seen from Fig. 5, the system consists of a
Mach—Zehnder modulator that is biased at the maximum trans-
mission point of the transfer function to suppress the odd-order
optical sidebands. A fiber Bragg grating (FBG) serving as a
wavelength-fixed notch filter is then used to filter out the optical
carrier. A stable, low-phase noise mm-wave signal that has four
times the frequency of the RF drive signal is generated at the
output of the photodetector. In the experimental demonstration,
a 32 to 50 GHz mm-wave signal was observed on an electrical
spectrum analyzer when the electrical drive signal was tuned
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Fig. 6. Microwave signal generation using a phase modulator. TLS: Tunable laser source. DCM: Dispersion compensating fiber. FBG: Fibre Bragg grating. OSA:
Optical spectrum analyzer. PC: Polarization controller. PD: Photodetector. PM: Phase modulator. ESA: Electrical spectrum analyzer.

from 8 to 12.5 GHz. The quality of the generated mm-wave
signal was maintained after transmission over a 25-km standard
single-mode fiber.

2) Phase-Modulator-Based Approach: The approach using
a Mach—Zehnder modulator to microwave generation, as dis-
cussed above, can produce a high-quality frequency-tunable mi-
crowave or mm-wave signal with a simple system structure. To
suppress the odd- or even-order optical sidebands, however, the
Mach—Zehnder modulator should be biased at the minimum or
maximum point of the transfer function, which would cause the
bias-drifting problem, leading to poor system robustness or a so-
phisticated control circuit has to be employed to minimize the
bias drift.

A simple solution to this problem is to replace the
Mach—Zehnder modulator by an optical phase modulator.
The key advantage of using an optical phase modulator is
that no dc bias is required, which eliminates the bias drifting
problem [17]. An experimental setup for the generation of a mi-
crowave or mm-wave signal using an optical phase modulator
is illustrated in Fig. 6.

The optical carrier from a tunable laser source is sent to the
optical phase modulator through a polarization controller (PC).
It is different from the use of a Mach—Zehnder modulator, which
can be biased to suppress the odd- or even-orders of sidebands,
the use of an optical phase modulator will generate all sidebands
including the optical carrier. Therefore, a narrow band optical
notch filter is used to filter out the optical carrier. In Fig. 6,
the optical notch filter is an FBG. In the experiment, the wave-
length of the optical carrier was tuned to match the maximum
attenuation wavelength of the FBG. The remaining sidebands at
the output of the FBG were amplified by an erbium-doped fiber
amplifier (EDFA), and then transmitted over single mode fiber.
The beat of these optical sidebands at a photodetector generates
the required mm-wave signal. It should be noted that the op-
tical sidebands transmitted over the single mode fiber will suffer
from the chromatic dispersion of the single mode fiber, which
will alter the phase relationship among the sidebands. To main-
tain the same phase relationship, dispersion compensation is re-
quired to eliminate the power fluctuation of the generated elec-
trical signal and to maintain the suppression of the odd-order
electrical harmonics when the optical signal is distributed over
the single-mode fiber. It was experimentally demonstrated that,
when the electrical drive signal was tuned from 18.8-25 GHz,
two bands of mm-wave signals from 37.6-50 GHz and from
75.2-100 GHz with high spectral purity were generated locally
and remotely.

E. Microwave Generation Using a Dual-Wavelength Laser

Microwave signals can also be generated using a dual wave-
length laser source with the two wavelengths separated at a de-
sired frequency [18]. It is different from the techniques of op-
tical injection locking and the OPLL, the two wavelengths from
adual wavelength laser source are not locked in phase. However,
due to the fact that the two wavelengths are generated from the
same cavity, the phase correlation between the two wavelengths
is better than that using two free-running laser sources. The ad-
vantage of using a dual-wavelength laser source to generate a
microwave or mm-wave signal is that the system is simpler with
no need for a microwave reference source, which can reduce sig-
nificantly the system cost.

Fig. 7(a) shows a dual-wavelength fiber ring laser. To ensure
that the two wavelengths are in single-longitudinal mode, a
dual-band filter with ultra-narrow passbands must be used,
to limit the number of longitudinal mode to be one in each
passband. In the experimental demonstration, the ultra-narrow
dual-band filter was a dual-wavelength ultra-narrow trans-
mission band FBG with two ultra-narrow transmission bands,
which was designed and fabricated based on the equivalent
phase-shift (EPS) technique [19]. As can be seen from Fig. 7(b),
the two ultra-narrow transmission bands of FBG1 are selected
by the two reflection bands of FBG2, with the entire spectral
response of the two cascaded FBGs shown in the lower figure
of Fig. 7(b). Instead of using an EDFA in the ring cavity, a
semiconductor optical amplifier (SOA) was employed as the
gain medium. An SOA has less homogeneous line broadening
at room temperature, the use of which would reduce signifi-
cantly the mode competition of the two lasing wavelengths.

The key device was the ultra-narrow band FBG, which was
fabricated based on the EPS technique [19]. It is different from
the technique with a true phase shift, an equivalent phase-shift
is introduced by changing the sampling period of a sampled
FBG. In the fabrication of an EPS FBG, the fiber and the phase
mask are both fixed, there are less phase fluctuations compared
to the true phase shift method, in which the fiber or the phase
mask must be laterally shiftable. In addition, the EPS can be
controlled more precisely because it only requires a micrometer
precision instead of a nanometer precision for true phase shift
during the FBG fabrication. Thus, an FBG with more precise
phase shift leading to a much narrower transmission bandwidth
is possible.

Since the two lasing wavelengths share the same gain cavity,
the relative phase fluctuations between the two wavelengths
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Fig. 7. A dual-wavelength single-longitudinal-mode fiber ring laser for mi-
crowave generation. (a) Schematic of the laser, (b) The spectral response of the
two cascaded FBGs.

are low. Three dual-wavelength ultranarrow transmission-band
FBGs with wavelength spacing of 0.148, 0.33, and 0.053 nm
were incorporated into the laser cavity. Microwave signals at
18.68, 40.95, and 6.95 GHz were generated. The spectral width
of the generated microwave signals as small as 80 kHz with
frequency stability better than 1 MHz in the free-running mode
at room temperature was obtained.

III. ALL-OPTICAL MICROWAVE SIGNAL PROCESSING

It was proposed by Wilner and Van den Heuvel [20] that op-
tical fibers could be utilized as delay lines for signal processing,
since optical fibers have low loss and large bandwidth.

In the last few years, extensive efforts have been directed
to the design and implementation of photonic microwave fil-
ters with different architectures to fulfill different functionali-
ties. Fig. 8 shows a diagram of a generic photonic microwave
delay-line filter with a finite impulse response (FIR). It consists
of a light source, a modulator, a delay-line module, and a pho-
todetector. The key device in a photonic microwave filter is the
optical delay-line module, which can be implemented using op-
tical couplers [21]-[23], FBGs [24]-[32], arrayed waveguide
(AWG) [33], [34], Mach—Zehnder lattices [35], or a length of
dispersive fiber [36], [37].

To avoid optical interference, most of the proposed filters
are operating in the incoherent regime. It is known a photonic
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Fig. 9. A photonic microwave delay-line filter with a negative coefficient using
differential detection. MZM: Mach—Zehnder modulator.

microwave delay-line filter operating in the incoherent regime
would have all-positive tap coefficients. Based on signal pro-
cessing 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 taken to design and
implement a photonic microwave delay-line filter with negative
or complex tap coefficients, to achieve bandpass filtering func-
tionality in the incoherent regime. A comprehensive overview
of photonic microwave delay-line filters has been published re-
cently [38], [39]. In this Section, our discussion will be fo-
cused only on techniques for the implementation of photonic
microwave delay-line filters with negative and complex coeffi-
cients.

A. Photonic Microwave Delay-Line Filters With Negative
Coefficients

A straightforward way to generate a negative coefficient is
to use differential detection [22], [40]. As shown in Fig. 9, the
lightwave from an optical source is modulated by a microwave
signal, which is then time delayed by optical fiber delay lines
with a time delay difference of 7. The output signals from
the fiber delay lines are fed to a differential photo-detection
module, which consists of two matched photodetectors with
the detected microwave signals combined and subtracted elec-
trically, leading to the generation of a positive and a negative
coefficient. In this approach, the negative coefficient was not
generated directly in the optical domain, the filter is not all-op-
tical, but hybrid. The two-tap photonic microwave delay-line
filter shown in Fig. 9 can be extended to have multiple taps if
the single-wavelength source is replaced by a multiwavelength
source and the 3-dB coupler is replaced by a WDM demulti-
plexer.

A few techniques have been proposed to implement an all-op-
tical photonic microwave delay-line filter with negative coef-
ficients. One approach to generating negative coefficients pro-
posed in 1997 is to use wavelength conversion based on cross-
gain modulation in an SOA [41]. As shown in Fig. 10, a tunable
laser source operating at A is modulated by an input microwave
signal, and then split into two parts. One part goes through a
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Fig. 11. A photonic microwave delay-line filter with a negative coefficient
based on injection-locking of an FP laser diode.

length of optical fiber, to introduce a time delay. The other part is
combined with a continuous-wave (CW) lightwave from a DFB
laser diode operating at a different wavelength A5, and then fed
into an SOA. Due to the cross-gain modulation in the SOA [42],
the CW beam A, is also modulated by the input RF signal, but
with a 7 phase inversion compared with the microwave signal
carried by A1, leading to the generation of a negative coefficient.
An optical bandpass filter is used to filter out the residual A;.
Then, the time-delayed microwave signal carried by A; in the
upper channel and the 7-phase-inverted RF signal carried by Ao
in the lower channel is combined and detected by a photode-
tector. A two-tap photonic microwave bandpass filter with one
negative coefficient is thus realized. Since the two wavelengths
are generated by two independent laser sources, the detection
at the photodetector is incoherent. To avoid the beat note be-
tween the two wavelengths fall in the passband of the filter, a
large wavelength spacing should be chosen. Again, the filter can
be extended to be a multi-tap microwave delay-line filter, if the
light sources and the two couplers are replaced by multi-wave-
length sources, and a WDM demultiplexer and a multiplexer.
A similar approach to generating negative coefficients using
an injection-locked Fabry-Perot (FP) laser diode and an FBG
array was demonstrated [43]. The filter structure is shown in
Fig. 11. Again, the modulated microwave signal is split into
two channels. The signal in the upper channel is applied to a
photodetector through a delay line. In the lower channel, the
signal is injected to an FP laser diode. The FP laser diode is oper-
ating with multiple longitudinal modes. One longitudinal mode
is locked by the injected optical signal and the other modes that
are not locked will experience a cross-intensity modulation. It
is similar to the cross-gain modulation in an SOA, the signal
modulated on the unlocked modes are with a 7 phase inversion.
As a result, negative coefficients are generated by the unlocked
modes. The time delay difference between adjacent unlocked
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Fig. 13. A photonic microwave delay-line filter implemented using a broad-
band ASE source cascaded with uniform FBGs to produce negative coefficients.

modes is introduced by an FBG array. The major disadvantage
of the technique is the mode competition in the lasing output,
which may cause instability of the system. In addition, the mode
spacing should be large enough to avoid the beat note between
two adjacent modes falling in the passband of the filter.

The use of the carrier depletion effect in a DFB laser diode to
generate a negative coefficient was also proposed [44]. A system
is shown in Fig. 12. Instead of using a multi-longitudinal mode
FP laser diode, a DFB laser diode operating in a single-longi-
tudinal mode is used. The lasing wavelength of the DFB laser
diode is injection locked by the injected optical signal. Due to
the carrier depletion effect, the microwave signal modulated on
the injection carrier is transferred to the lasing wavelength with
a 7 phase inversion, leading to the generation of a negative co-
efficient. Note that the lasing wavelength of the DFB laser diode
should be slight different from the injection wavelength sent to
the photodetector through an FBG.

Negative coefficients can also be generated by using an
EDFA amplified spontaneous emission (ASE) source cascaded
with uniformed FBGs [45]. The transmission spectrum at the
output of FBGs is altered which is used to generate negative
taps. Positive tapes are generated by using another multiwave-
length source, the output of which is combined with the filtered
ASE source. A two-tap delay-line filter with one negative
coefficient is shown in Fig. 13.

More recently, a new technique to generate negative coeffi-
cients based on two Mach—Zehnder modulators that are biased
at complementary transmission slopes was reported [46]. The
operation of the microwave phase inversion is shown in Fig. 14.
As can be seen, the two Mach—Zehnder modulators are biased
at the linear regions of the left and the right slopes of the transfer
functions. When a microwave signal is applied to the two mod-
ulators, the envelopes of the modulated optical signals are com-
plementary. At the output of a photodetector, two complemen-
tary microwave signals are generated, leading to the genera-
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Fig. 14. Photonic microwave delay-line filter with negative coefficients based
on phase inversion using complementarily biased intensity modulators. (a) The
operation of phase inversion, (b) the schematic of the filter.

tion of a negative coefficient. The time delay difference between
two adjacent taps is generated due to the chromatic dispersion
of the dispersive device. To implement a microwave delay-line
filter with multiple taps, a multi-wavelength laser source or a
laser diode array is needed. For those taps with positive and
negative coefficients, the corresponding wavelengths must be
sent separately to the two Mach—Zehnder modulators. A sim-
ilar technique using only a single Mach—Zehnder modulator
was proposed [47]. Considering the wavelength dependence of
the transfer function of the modulator, a proper dc bias would
make the modulator operate at the complementary slopes of the
transfer functions when the optical wavelengths are at the 1550
nm and 1310 nm windows.

All the filters discussed above are implemented based on the
use of one or multiple Mach—Zehnder modulators. Recently, a
novel approach to implementing a photonic microwave band-
pass filter with negative coefficients based on an optical phase
modulator was proposed [48]. The negative coefficients are
generated based on phase modulation to intensity modulation
(PM-IM) conversion in dispersive elements with complemen-
tary dispersions, such as linearly chirped FBGs (LCFBG)
with complementary chirps, by reflecting the phase-modulated
optical signals from the LCFBGs with positive or negative
chirps, microwave signals without or with 7 phase inversion are
generated at the photodetector. An added advantage of using
an optical phase modulator is that a phase modulator is not
biased, which eliminates the bias drifting problem existing in
a Mach—Zehnder modulator. The fundamental concept of the
filter operation is shown in Fig. 15(a). An RF signal is applied to
the optical phase modulator via the RF port to phase-modulate
the multiple wavelengths applied to the phase modulator via
the optical port. Since a photodetector functions as an envelope
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Fig. 15. (a) RF phase inversion based on PM-IM conversion through opposite
dispersions. (b) A photonic microwave delay-line filter with a negative coeffi-
cient based on PM-IM conversion in two LCFBGs with opposite dispersions.

detector, if a phase-modulated signal is directly applied to a
photodetector, no modulating signal will be recovered except
a dc. This conclusion can also be explained based on the
spectrum a phase-modulated signal. As shown in Fig. 15(a),
a small-signal phase modulated signal has a spectrum with
the +1st-order and — Ist-order sidebands out of phase. The
beating between the optical carrier and the + 1st-order sideband
exactly cancels the beating between the optical carrier and the
— Ist-order sideband. However, if the phase-modulated optical
signal passes through a dispersive element, the phase relation-
ship between the two sidebands and the optical carrier will be
changed, leading to the conversion from phase modulation to
intensity modulation. In addition, depending on the sign of the
chromatic dispersion, a recovered RF signal with or without a
7 phase inversion would be obtained, leading to the generation
of negative coefficients. The system configuration of the filter
is shown in Fig. 15(b).

Instead of using LCFBGs, the PM-IM conversion can also
be realized using an optical frequency discriminator, such as
a Sagnac loop filter, as shown in Fig. 16 [49]. By locating the
optical carriers from the laser sources at the positive or negative
slopes of the optical filter spectral response, PM-IM conversion
with recovered microwave signals that are in phase or out of
phase would be generated, leading to the generation of positive
or negative tap coefficients.

Recently, a simple approach to generating negative coeffi-
cients in a photonic microwave delay-line filter using a polar-
ization modulator (PolM) was proposed [50], [S1]. A PolM is
a special optical phase modulator that can support both TE and
TM modes, but with opposite phase modulation indices. The
operation principle is shown in Fig. 17(a). The lightwave from
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Fig. 17. Photonic microwave delay-line filter with negative coefficients based
on a polarization modulator. (a) A photonic microwave delay-line filter based
on a PolM using a single wavelength with time delays generated by a section
or two sections of PMF. (b) A photonic microwave delay-line filter based on
a PoIM using N wavelengths with arbitrary number of taps and arbitrary tap
coefficients.

a tunable laser source is sent to a PolM via a polarization con-
troller with its polarization direction aligned to have a 45° with
respect to one principal axis of the PolM, which is modulated
by an input RF signal. Thanks to the polarization modulation at
the PolM, two complementary RF signals carried by two optical
carriers with identical wavelengths but orthogonal polarizations
are achieved at the output of the PolM. The optical microwave
signals are fed into a section or two sections of polarization
maintaining fiber (PMF) to serve as a delay-line with two or
four time delays. A photonic microwave bandpass filter of two
or four taps with one or two negative coefficients was experi-
mentally demonstrated [50].

To implement a photonic microwave delay-line filter with
arbitrary number of taps and arbitrary tap coefficients, a mod-
ified structure based on a PolM was recently proposed, as
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shown in Fig. 17(b) [51]. Instead of using a single-wavelength
light source, to achieve a microwave delay-line filter with [V
taps, a light source with N wavelengths or laser array with NV
laser diodes are needed. An optical polarizer is connected at
the output of the PolM with its transmission axis aligned at an
angle of 45° to one principal axis of the PoIM. By adjusting the
polarization directions of the input lightwaves to be 45° or 135°
to one principal axis of the PolM, an in-phase or out-of-phase
intensity-modulated optical microwave signal is obtained at the
output of the optical polarizer, leading to the generation of neg-
ative or positive coefficients. A time-delay difference between
adjacent taps is generated by using a wavelength-dependent
delay line, such as a dispersive fiber or a chirped FBG.

B. Photonic Microwave Delay-Line Filters With
Complex Coefficients

The tunability of a photonic microwave delay-line filter is
usually achieved by adjusting the time-delay difference. How-
ever, the change of the time-delay difference would lead to the
change of the free spectral range (FSR), which results in the
change of the 3-dB bandwidth as well as the entire shape of the
filter frequency response. For many applications, it is highly de-
sirable that only the center frequency of the passband or stop-
band is changed while maintaining the shape of the frequency
response unchanged. A solution to this problem is to design a
photonic microwave delay-line filter with complex coefficients.

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

H(w) =ap+ are % 7T 4

Fay_qeiN-D8  mjw(N-1)T
N-1

= Z ane=Im? . gmienT 4)
n=0

where 7T is the time delay different between two adjacent 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 seen from (4). Therefore, the phase shift
of each tap should be tuned independently.

Three photonic microwave delay-line filter architectures with
complex coefficients have been recently reported [52]—[54]. In
[52], a two-tap photonic microwave delay-line filter with one
complex coefficient was implemented using a system consisting
of three optical attenuators and two microwave couplers. Specif-
ically, we expect the filter to have a transfer function given by

H(f)=cos(2rfT + ¢) 5)

where 7' is a constant. By tuning the phase ¢, the filter transfer
function will be shifted laterally long the horizontal direction
without changing the shape. Equation (5) can be rewritten as

a, . b . .
H f 2 e]wT + e*]wT - = e]wT _ e*]wT
() =35 )= 55 )

— il {ﬂ(eg‘sz +1) - i(eijT _ 1)} (6)
2 29

where a = cos(¢), b = sin(i). As can be seen the filter has one
complex coefficient —b/2;. The term e ~/*T only introduces a
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Fig. 19. Frequency response of a photonic microwave delay-line filter with a
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a=b=0.71

linear phase, which will not affect the shape of the filter spectral
response.

As can be seen from (6), the filter can be realized by a system
shown in Fig. 18. By changing the values of a and b through
tuning the attenuations of the variable attenuators, the frequency
response of the filter is laterally shifted, while the FSR and the
3-dB bandwidth are maintained unchanged, as can be seen from
Fig. 19. Since the values of a¢ and b are changed by using the
optical attenuators, the tuning range of a and b is from O to 1,
which limits the RF phase shift from 0 to 180° or a tunable range
of a half FSR. We should note that the complex coefficient is
generated in the electrical domain after the photodetectors, the
system is not all-optical, but hybrid.

An all-optical tunable photonic microwave delay-line
filter with a complex coefficient was recently proposed and
demonstrated [53]. The complex coefficient was generated by
changing the phase of the RF signal, which was realized based
on a combined use of optical single-sideband modulation (SSB)
and stimulated Brillouin scattering (SBS). The experimental
setup is shown in Fig. 20. It was demonstrated that the phase of
a microwave signal carried by an optical carrier will experience
microwave phase shift if the spectrum of the optical carrier or
the sideband is falling in the SBS gain spectrum when passing
through an optical fiber in which an SBS is resulted [55].

Since the generation of a complex coefficient involves the
use of an EDFA, an additional Mach—Zehnder modulator, and a

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 3, FEBRUARY 1, 2009

1x2
Coupler
LD 1 SSB
Modulator
raa B (0N
20 km SMF
Coupler
RF RF
Input Output

Fig. 20. A two-tap photonic microwave delay-line filter with a complex coef-
ficient based on SSB modulation and SBS.

long fiber (20 km in the experiment), to implement a multi-tap
filter the system will be extremely complicated, highly power
consuming, and costly. A simpler system architecture for a
tunable photonic microwave delay-line filter with complex
coefficients was recently demonstrated [54]. The complex
coefficient is generated using a wideband tunable optical RF
phase shifter that consists of two electro-optic Mach—Zehnder
modulators, shown in Fig. 21(a). The phase of the RF signal is
shifted by simply adjusting the bias voltages applied to the two
electro-optic Mach—Zehnder modulators, and the phase shift
remains constant over the microwave spectral region of interest.
Fig. 21(b) shows the measured phase shifts for different bias
voltages over a large microwave frequency band. As can be seen
the phase shifts are independent of the microwave frequency.

C. Nonuniformly Spaced Photonic Microwave
Delay-Line Filters

The filters in [52]-[54] with complex coefficients have the
potential to be extended to have multiple taps, but the filter com-
plexity would be significantly increased. To design a photonic
microwave delay-line filter with complex coefficients having a
simple structure, we have recently developed a new concept by
generating complex coefficients based on a delay-line architec-
ture with nonuniformly spaced taps. It was demonstrated that
the complex coefficients can be equivalently generated by in-
troducing additional time delays to the taps [56].

It is known that a regular, uniformly-spaced microwave
delay-line filter has an impulse response hg(t) given by

N-1
hr(t) =Y oxd(t—kT) (7
k=0

where IV is the number of taps, ay, is the filter coefficient of the
kth tap, T = 27/} is the time delay difference between two
adjacent taps, and €2 is the FSR of the filter. Apply the Fourier
Transform to (7), we have the frequency response of the filter,

N-1 o
Hp(w) = Z Qy exp (—jkﬁw> . 8)
k=0

It is known that H(w) has a multi-channel frequency re-
sponse with adjacent channels separated by an FSR, with the
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Fig.21. A photonic microwave delay-line filter with a complex coefficient gen-
erated based on an optical RF phase shifter. (a) The system architecture. (b) The
measured phase shifts for different bias voltages over a large microwave fre-
quency band. The phase shifts are independent of the microwave frequency.

mth channel located at w = mf2. Note that except for the dif-
ferent central frequencies, the frequency responses for all the
channels are exactly identical.

In a regular photonic microwave delay-line filter based on in-
coherent detection, the coefficients are usually all positive, or
special designs have to be incorporated to generate negative or
complex coefficients, as discussed earlier in this section. How-
ever, a phase term can be introduced to a specific coefficient
by adding an additional time delay at the specific tap, which
is termed time-delay-based phase shift [56]. For example, at
w = mf) a time delay shift of A7 will generate a phase shift
given by Ay = —A7 x mf). Note that such a phase shift is
frequency-dependent, which is accurate only for the frequency
at m(2, but approximately accurate for a narrow frequency band
at around mS2. For most of applications, the filter is designed to
have a very narrow frequency band. Therefore, for the frequency
band of interest, the phase shift can be considered constant over
the entire bandwidth. As a result, if the /nth bandpass response,
where m # 0, is considered, one can then achieve the desired
phase shift at the kth tap by adjusting the time delay shift by
ArTy,. Considering the time delay shift of A7y, one can get the
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frequency response of the nonuniformly-spaced delay-line filter
at around w = m},
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As can be seen from (9), one can get an equivalent phase shift
for each tap coefficient. Specifically, if the desired phase shift
for the kth tap is ¢, the total time delay 7, for the kth tap
is 7, = kT — pi/mS). As a result, if the time delay of each
tap is adjusted, the filter coefficients would have the required
phase shifts to generate the required passband with the desired
bandpass characteristics.

A seven-tap photonic microwave delay-line filter with
nonuniformly-spaced taps to produce a flat-top bandpass
frequency response was designed and experimentally demon-
strated [56]. The experimental setup is shown in Fig. 22(a).
Assume that the passband of interest is at m = 1 and the
frequency response of the bandpass has a 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 photonic microwave
delay-line 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 dotted
line in Fig. 22(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.

With the proposed technique, the same bandpass charac-
teristics at m = 1 can be generated by using nonuniform
spacing. The filter was designed having all-positive coefficients
of [0.12, 0, 0.64, 1, 0.64, 0, 0.12]. The time delays for the seven
taps are then [—2.57, —2T,—T,0,T,2T,2.5T], with the taps
nonuniformly spaced. Since at m = 0, there is no phase shifts
introduced to the taps, there is always a baseband resonance
which was eliminated by using an optical phase modulator in
the system. It is known the PM-IM conversion in a dispersive
fiber would produce a frequency response with a notch at dc
[571, [58]. The frequency response of the PM-IM conversion
is designed to make its first peak be located at f = 12.1 GHz,
which is shown as the dash-dot line in Fig. 22(b). The overall
frequency response of the nonuniformly-spaced filter is cal-
culated and shown as solid line in Fig. 22(b). It is clearly
seen a flap-top frequency response is achieved in a photonic
microwave delay-line filter with all-positive coefficients. The
3-dB bandwidth was 4.9 GHz and the central frequency was
12.1 GHz. The frequency response of the passband is close to
that generated by a regular photonic microwave delay-line filter
with true negative taps.

As we mentioned earlier the time-delay-based phase shift
is frequency dependent. As a result, the phase shifts due to
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Fig. 22. (a) A nonuniformly-spaced photonic microwave delay-line filter. (b)
Dotted line: the frequency response of a regular photonic microwave delay-line
filter with true positive and negative coefficients. Dash-dot line: the frequency
response of the PM-IM conversion. Solid line: the frequency response of the
nonuniformly-spaced photonics microwave delay-line filter.

the additional time delays would be different for different
passbands. Therefore, in a nonuniformly-spaced photonic mi-
crowave delay-line filter, the frequency responses for different
channels are different. In addition, within the mth passband, the
time-delay-based phase shift is accurate only for the frequency
at mf2, and approximately accurate for a narrow band at around
mf2. The maximum error of the phase shift is determined by the
maximum bandwidth of the bandpass concerned and the central
frequency. For many applications, it is usually required that the
bandwidth of the passband is very narrow, then the errors due to
the frequency-dependent phase shift are small and negligible,
which ensures the effectiveness of the proposed technique.

The proposed technique to design a nonuniformly spaced mi-
crowave delay-line filter is particularly useful for applications
such as arbitrary microwave waveform generation. Recently, we
have applied the same concept to introduce phase shifts to an RF
pulse to implement RF pulse phase encoding [59]. We have also
designed and implemented a nonuniformly spaced microwave
delay-line filter with a quadratic phase response for chirped mi-
crowave pulse generation [60].

D. Optical Mixing of Microwave Signals

In an optical microwave signal processor, in addition to the
functionality of microwave filtering, optical microwave mixing
is another important functionality which can find applications in
radio-over-fiber systems and other microwave systems for mi-
crowave frequency up- or down-conversion. Different mixing
architectures have been summarized in [61]. In this subsection,
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we will give a brief introduction to optical microwave mixing
and then a few examples demonstrated recently will be pro-
vided.

Fig. 23 shows three different optical microwave mixing archi-
tectures. The architecture shown in Fig. 23(a) combines direct
modulation of an RF signal at a laser diode with an external
modulation of a local oscillator (LO) signal at a Mach—Zehnder
modulator. If the LO frequency is not too high, the system can be
simplified, as shown in Fig. 23(b), in which both the RF signal
and the LO signal are combined and sent to a laser diode. Due
to the chirping at the laser diode, the output signal is frequency
modulated. The use of an unbalance Mach—Zehnder (UMZ) in-
terferometer, by locating the optical carrier at one slope of the
spectral response, frequency-modulation to intensity-modula-
tion (FM-IM) conversion is realized. The UMZ interferometer
can also be replaced by an FBG. To increase the dynamic range,
the FBG should be designed to maximize the linear region of the
slope. In addition, by locating the optical carrier at a point closer
to the bottom of the FBG spectral response, the dynamic range
can also be improved since the optical carrier-induced noise at
the photodetector can be significantly reduced, leading to an
increased spurious-free dynamic range (SFDR) [62], [63]. For
some applications, both the RF signal frequency and the LO fre-
quency are high. In this case, the mixing has to be implemented
at an external modulator, by combining the RF signal and the LO
using a microwave combiner and then apply to the external mod-
ulator. One concern in using an optical system for microwave
mixing is the existence of many unwanted frequency compo-
nents, which are usually eliminated in the electrical domain
using a microwave filter. To implement an all-optical microwave
mixer, both the mixing and bandpass filtering have to be realized
in the optical domain. Recently, we proposed an approach that
functions simultaneously as an all-optical microwave mixer and
an all-optical microwave bandpass filter [64]. The schematic of
the system is shown in Fig. 24.

The architecture is similar to that shown in Fig. 23(c), except
that the modulator is an optical phase modulator and the light
source is a multi-wavelength source. The microwave mixing and
filtering functions are simultaneously implemented. The mixing
operation is done in the phase modulator, to which a large LO
signal is applied to make the phase modulator operating in the
nonlinear region, leading to the generation of different mixing
spectral components. The filtering operation is realized thanks
to the use of a multi-wavelength source. If the number of wave-
length is IV, the system is an [V -tap microwave delay-line filter.
Considering that the PM-IM conversion at a dispersive fiber will
generate a notch at dc, the overall frequency response of the
system is a bandpass filter with baseband resonance eliminated
by the notch at dc [57], [58]. Therefore, the entire system is func-
tioning as a microwave mixer and a bandpass filter. By properly
designing the filter to make the central frequency of the pass-
band locate at the frequency of interest, an up- or down-con-
verted microwave signal free of other frequency components is
obtained.

An experiment was performed to achieve microwave
frequency up-conversion from 3 to 11.8 GHz [64]. In the
experimental setup, a fiber ring laser with 30 wavelengths and a
wavelength spacing of 0.2 nm was used as the multiwavelength

Authorized licensed use limited to: University of Ottawa. Downloaded on February 18, 2009 at 18:14 from IEEE Xplore. Restrictions apply.



YAO: MICROWAVE PHOTONICS

RF Input LO

N .

Output
LD i MZM 1 PD
(a)
RF
LO Output
LD }—» umz 4>{ PD
RF
Input
(b)
RF LO
Input
RF
p— Output
{ LD ]—» MZM —»[ PD J—>
()
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Fig. 24. An all-optical microwave signal processor that functions simultane-
ously as an all-optical mixer and a bandpass filter.

source [65]. The dispersive fiber was a single mode fiber.
Considering a wavelength spacing of 0.2 nm, a length of 25-km
standard single-mode fiber would lead to a frequency response
with the central frequency of the passband locate at 11.8 GHz.
Therefore, the up-converted microwave component at 11.8 GHz
would be selected. Fig. 25 shows the experimental results of the
mixing output, with and without filtering operation. Fig. 25(a)
shows the spectrum of the mixing components when the light
source was a single wavelength source, with no bandpass
filtering operation. All frequency components were observed.
Fig. 25(b) shows the spectrum when the 30-wavelength laser
source was used. The system was operating as a bandpass
filter. The up-converted frequency component at 11.8 GHz was
selected with other components being eliminated.

The use of a phase modulator for optical microwave mixing to
study the system performance with data transmission has been
investigated in [66], [67].

IV. PHOTONIC TRUE-TIME DELAY BEAMFORMING

Phased array antennas (PAA) are playing an important role
in modern radar and wireless communication systems. Conven-
tional phased array antennas are realized based on electrical
phase shifters, which suffer from the well-known beam squint
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Fig. 25. Power spectra at the output of the photodetector. (a) Different spectral
components are observed if a single wavelength source is used. (b) When a
multi-wavelength source with over 30 wavelengths is used, the system is also a
microwave passband filter. Only the up-converted signal at 11.8 GHz is obtained
and other frequency components are rejected.

problem, limiting the phase array antennas for narrowband op-
erations. For many applications, however, it is highly desirable
that the phase array antennas can operate in a broad band. An
effective solution to the problem is to use true-time delay beam-
forming.

A. Squint Phenomenon

The squint phenomenon is characterized by the position of
the mainlobe of the array factor being oriented at different an-
gles for different microwave signal frequencies. In other words,
the energy associated with different frequencies is oriented in
different directions and thus restricts the use of the antenna for
narrowband applications only.

As can be seen from Fig. 26(a), to steer the beam to a direction
with angle of § with respect to the broadside direction, a phase
shifter with a phase shift of A¢ is required,

AL _ dsinf

(10)
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Fig. 26. (a) Beam steering using a phase shifter. (b) Beam steering using a
delay line.

The beam pointing direction is then given by

(11)

As can be seen the beam pointing direction is a function of the
microwave wavelength or frequency. Therefore, a beamforming
system using electrical phase shifters will only operate for nar-
rowband signals or the beam will be corrupted, a phenomenon
called beam squint. The problem can be solved if the phase
shifter is replaced by a delay line, as shown in Fig. 26(b), where
a delay line with a length of AL = dsin# is used. The beam
pointing direction is now given by

9:$w4é£ (12)

It can be seen that the beam pointing direction is independent
of the microwave frequency. A wide instantaneous bandwidth
operation that is squint free would be ensured.

Fig. 27 gives an example of an antenna of six elements sepa-
rated by a distance of 1 cm (d = \g/2) operating at a central fre-
quency fo of 15 GHz. For the purposes of illustrating the beam
squint effect, the bandwidth of the antenna will be assumed to
be 10 GHz. Thus, the behavior of the antenna will be studied
for the frequencies from 10 to 20 GHz. The far-field radiation
pattern of the array factor (considering isotropic elements) for
the central frequency fy is given in Fig. 27.

Fig. 28 illustrates the far-field radiation pattern of the array
factor for frequencies between 10 and 20 GHz by an interval of
1 GHz. From Fig. 28, one can clearly see that the orientation
of the mainlobe varies with the feed signal frequency. This phe-
nomenon decreases significantly the performance of the system.

To eliminate the beam squint, a solution is to use true-time
delay. This method consists of introducing a time delay pro-
gression to the feed signals instead of a phase progression. This
time delay is constant for all frequencies and thus translates into
a variable phase shift with respect to frequency. Fig. 29 shows
the array factor by using the same phased array antanna example
as for the conventional phase shifters (V' = 6 elements sepa-
rated by a distance of 1 cm) operating at the same central fre-
quency fo of 15 GHz. The behavior of the antenna is studied
for the frequencies from 10 to 20 GHz. This time, true-time de-
lays component are used instead of conventional phase shifters.
These elements introduce a time progression of 16.67 ps which
corresponds to the same phase of 7 /2 at a frequency of 15 GHz.
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Fig. 28. Beam squint effect for a phased array antenna using electrical phase
shifters operating at frequencies between 10-20 GHz.

Fig. 29 illustrates the far-field radiation pattern of the array
factor for frequencies between 10 and 20 GHz by an interval of
1 GHz which uses true-time delay components. Fig. 29 clearly
shows that the orientation of the mainlobe does not vary with
the feed signal frequency.

B. Photonic True-Time Delay Beamforming

Traditionally, feed networks and phase shifters for phased
array antennas were realized using electronic components. This
was the most intuitive approach since antennas operate on an
electrical driving source. With the advancement of technology,
severe limitations were observed in electrical devices. For ex-
ample, copper wires display high losses at high frequencies re-
sulting in a limited bandwidth for the feed signals. Furthermore,
electrical beamforming networks have a relatively high weight,
thus limiting their use in airborne systems.
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Fig. 29. Array factor of a phased array antenna using true-time delay compo-
nents operating at frequencies between 10-20 GHz.

Optical components, with key advantages such as immunity
to electromagnetic interference, low loss, small size and light
weight are being considered as a promising alternative for wide-
band phased array antennas.

True-time delay beamforming based on photonic technolo-
gies has been extensively researched in the past few years and
a large number of papers have been published [68]-[102]. The
techniques reported in literature can be classified into two cate-
gories: true-time delay beamforming based on free-space optics
and true-time delay beamforming based on fiber or guided-wave
optics. In [77], a true-time delay beamforming system based
on free space optics was proposed and experimentally demon-
strated. Since the system was based on bulky optics, it has a large
size and heavy weight. Most of the reported systems were imple-
mented based fiber optics. The realization of tunable true-time
delays based on a fiber-optic prism consisting of an array of dis-
persive delay lines was demonstrated in 1993 [71]. To reduce
the size of the fiber-optic prism, the dispersive delay lines could
be replaced by FBG delay lines [81]. A FBG prism consisting
of five channels of FBG delay lines is shown in Fig. 30 [91].
As can be seen the beam pointing direction can be steered by
simply tuning the wavelength of the tunable laser source. Since
the grating spacing in the second delay line is very small, to
simplify the fabrication, the discrete FBGs can be replaced by a
single chirped Bragg grating. In fact, if all the discrete grating
delay lines are replaced by chirped grating delay lines, a true
time delay beamforming system with continuous beam steering
would be realized [97].

The architecture shown in Fig. 30 has the advantage of using
a single tunable laser source, which is easy to implement with
fast beam steering capability by tuning the wavelength of the
tunable laser source. However, the prism consists of many dis-
crete FBGs, which may make the system bulky, complicated and
unstable. A solution is to use a single chirped Bragg grating
[80]. As shown in Fig. 31, a single wideband chirped Bragg
grating is used. Different time delays are achieved by reflecting
the wavelengths from a tunable multiwavelength laser source

327

@
RF Input , . .
o] i LN
% I ;|||-|||||||—|||h3||—|hqn|
MZM 2 A
A O 7 / \ E
o ——l— g —nn |||—||i11|||—||‘uu||
H rc oL/ @
TLS -ypﬂu—||;j|||—||ugm—|||‘|u%||—||‘m{|
A A, A A A
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Fig. 32. Power distribution as a function of microwave frequency.

at different locations of the chirped Bragg grating. To achieve
tunable time delays, the wavelength spacing should be tunable.
Therefore, a multiwavelength laser source with tunable wave-
length spacing is required [90]. To use a light source with fixed
multi-wavelengths, recently we proposed to tune the chirp rate
of the chirped Bragg grating [97]. A technique to tune the chirp
rate of a chirped FBG without central wavelength shift was
demonstrated in [100].

The two architectures shown in Figs. 30 and 31 only operate
for one-dimensional beamforming. A few architectures have
been proposed to achieve two-dimensional beamforming [77],
[101], [102]. In [77], [101], a two-dimensional true-time delay
beamforming system was demonstrated, with tunable time
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delays achieved using free-space optical prisms and two-di-
mensional spatial light modulators. In [102], a two-dimensional
true-time delay beamforming system based on pure fiber optic
components with smaller size was demonstrated. The key
module of the system is the delay-line matrix consisting of
2 x 2 optical micro-electromechanical (MEMS) switches with
fiber-optic delay lines connected between cross ports. A 2-bit
x 4-bit optical true-time delay for a 10-GHz two-dimensional
phased array antenna was implemented by cascading a wave-
length-dependent true-time delay unit with a unit time delay of
12 ps in the z-direction and a wavelength-independent true-time
delay unit with a unit time delay of 6 ps in the y-direction.

V. RADIO-OVER-FIBER SYSTEMS

The distribution of radio signals over optical fiber to take
advantage of the low loss and broadband bandwidth of the
state-of-the-art optical fibers has been a topic of interest for
the last two decades with some radio-over-fiber systems de-
ployed for practical applications. A radio-over-fiber system
was experimentally demonstrated as early as in 1990 [103].
A four-channel second-generation cordless telephony signals
were distributed over single-mode fiber by using subcarrier
multiplexing. The subcarrier frequencies were located in a
frequency band of 864-868 MHz. Multi-longitudinal-mode
laser diodes operating at 1300 nm were used in the transmitter,
which were directly modulated by the subcarriers. PIN photode-
tectors were employed at the receivers. This system exhibited
an electrical dynamic range of 70 dB for one channel and 50
dB for four channels. Since then, numerous radio-over-fiber
networks employing subcarrier multiplexing and wavelength
division multiplexing were reported [104]-[107] with different
network topologies such as star-tree [104]-[106] and ring
[107], in which optical wavelength-division multiplexing was
employed to increase the system capacity and to make the
system to operate in a full-duplex mode.

To increase the data rate, radio-over-fiber system operating in
the mm-wave band has been a topic of interest with numerous
papers published in the last few years [108]-[113].

Radio-over-fiber systems operating in the conventional RF
frequency bands for present wireless communication systems
were also widely studied [114]-[120]. Radio-over-fiber systems
based on multimode optical fibers with a reduced cost were also
investigated [121]-[127]. Demonstrations of the co-existence
of analog radio-over-fiber systems and digital fiber-to-the-home
systems with dense wavelength division multiplexed technology
were also reported in [128], [129].

Other techniques to develop subsystems for radio-over-fiber
applications have also been extensively studied, which include
remote optical generation of microwave and mm-wave signals
[1]-[19], [130]-[137], optical up-conversion of a microwave
signal [64]-[67], [138]-[142].

In a radio-over-fiber system, numerous issues should be ad-
dressed. In the following, we will discuss two of the most impor-
tant issues, 1) Single-sideband modulation to combat fiber chro-
matic dispersion, and 2) The dynamic range of a radio-over-fiber
link.
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A. Single-Sideband Modulation

Due to the chromatic dispersion, double sideband modulation
is not preferred in a radio-over-fiber system, especially for a
transmission link operating at high microwave frequency and
long distance, since the double-sideband-modulated microwave
signal will suffer from the chromatic-dispersion-induced power
penalty. The reason behind the microwave power fading along
the fiber is due to the cancellation of the beat signal between the
upper sideband and the carrier and the beat signal between the
lower sideband and the carrier, since the optical carrier and the
two sidebands will travel at different velocities, leading to the
phase changes. For a radio-over-fiber link using an optical fiber
with a length of L and a dispersion parameter of D, the power
distribution as a function of microwave frequency is given by
[143]

P, x cos” (#)\%ﬁz}J (13)
where A¢ is the wavelength of the optical carrier, frp is the
microwave frequency, C is the velocity of light in vacuum.

Fig. 32 shows the power distribution of a double-sideband
modulated signal in a single mode fiber of a length of 5 and
10 km. The fiber dispersion parameter is 17 ps/nm.km. Power
fading due to the chromatic dispersion is observed.

Although the dispersion can be compensated in the optical
domain using a length of dispersion compensating fiber or a
chirped FBG, a cost-effective and commonly used approach
is to use single sideband modulation. Numerous techniques
have been proposed to implement single sideband modulation
[143]-[146].

One well-known approach to achieving single sideband mod-
ulation is to use a dual-port Mach—Zehnder modulator, as shown
in Fig. 33 [143]. An RF signal is applied to the two RF ports,
with one being directly connected to the RF port and the other
being phase shifted by 90° and then connected to the second
RF port. The output signal will have the optical carrier and one
optical sideband.

Single-sideband modulation can also be achieved by using an
optical filter, such as an FBG, to filter out one of the two side-
bands [144]. The major problem associated with the approach
is that the optical filter should have a narrowband width to ef-
fectively suppress one of the sideband. For a RF signal oper-
ating a low frequency [a few gigahertz (GHz)], a regular uniform
FBG can hardly fulfill this task due to the large bandwidth. Re-
cently, we have demonstrated to use an ultra-narrow transmis-
sion band FBG to achieve single-sideband modulation [147].
The ultra-narrow transmission band FBG was designed and fab-
ricated based on the equivalent phase shift technology [19].

B. Dynamic Range

One of the key performance measures that characterizes
the performance of a radio-over-fiber link is the dynamic
range. In a radio-over fiber system using direct modulation
or external modulation, due to the modulation nonlinearity
of a laser diode or the inherent nonlinearity of the transfer
function of a Mach—Zehnder modulator, nonlinear distortions
such as harmonic distortions and intermodulation distortions
would be generated, which will limit the dynamic range of
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the radio-over-fiber link. Numerous techniques have been
proposed to combat the nonlinear distortions [148]-[154]. It
was reported in [148] that the third-order inter-modulation can
be minimized in a direct-modulation-based radio-over-fiber
system by using an optimum bias current to the laser diode.
The use of feed-forward linearization of a directly modulated
laser diode would also provide a distortion cancellation [149].
The distortions of a laser diode can also be reduced by using
predistortion [150]. For a radio-over-fiber system employing
an external modulator, the nonlinear distortions caused by
the Mach—Zehnder modulator can be reduced by techniques
such as predistortion of the analog signals [151], [152] and
linearization of the Mach—Zehnder modulator [153], [154].

In addition to the above techniques to reduce the nonlinear
distortions, another solution to increase the dynamic range is
to reduce the noise floor. It is known that a reduction of the
noise floor in a radio-over-fiber link would increase the spu-
rious-free dynamic range (SFDR). Spurious-free dynamic range
is defined as the difference between the minimum signal that can
be detected above the noise floor and the maximum signal that
can be detected without distortions. In a radio-over-fiber link,
the SFDR is limited by several noise sources, including the op-
tical phase-induced intensity noise, shot noise and relative-in-
tensity noise (RIN). For a radio-over-fiber link that uses inde-
pendent light sources with very narrow linewidth, the phase-in-
duced intensity noise is very small and can be neglected [155].
Therefore, the dominant noise sources are the shot noise and
the RIN, both are associated with the average received optical
power at the photodetector. The shot noise and the RIN powers
are linearly and quadratically proportional to the received op-
tical power. Therefore, a solution to increase the SFDR is to
reduce the average received optical power. The reduction of
shot noise and the RIN to improve the dynamic range of an
radio-over-fiber link has been proposed recently, such as inten-
sity-noise cancellation [156], optical carrier filtering [157], low-
biasing of a Mach—Zehnder modulator [158]-[161], coherent
detection [162], and optical phase modulation to intensity mod-
ulation (PM-IM) conversion using an FBG-based frequency dis-
criminator [63].
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Fig. 35. Optical phase modulation to intensity modulation conversion using an
FBG-based frequency discriminator. (a) The schematic of the system. (b) The
reflection spectrum of the FBG.

As an example, in Fig. 35(a), we show a scheme to reduce the
noise powers based on optical PM-IM conversion using an FBG-
based frequency discriminator. Since the dc power decreases
quadratically when the optical carrier is shifted closer to the
bottom of the FBG spectrum while the signal power decreases
linearly, the noise power is significantly decreased while main-
taining a smaller decrease in the signal power [62]. This impor-
tant property enables us to choose a reflection point closer to the
bottom of the FBG spectrum, to substantially reduce the optical-
power-induced noises with slightly sacrificing the signal power,
leading to an increased SFDR. For example, in Fig. 35(b), if the
optical carrier is shifted from A to B, the optical power is re-
duced by nine times, while the signal power is reduced by three
times. Therefore, an improvement in SFDR of 5 dB is achieved
[62].

VI. PHOTONICS ANALOG-TO-DIGITAL CONVERSION

Analog-to-digital conversion is an electronic process to con-
vert a continuous-time signal to a digital signal without losing
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Fig. 36. A 4-bit analog-to-digital converter using an array of Mach—Zehnder
modulators with each modulator having an electrode length that is twice that of
its nearest more significant bit. (a) The schematic of the system, (b) Gray code
produced at the outputs of the comparators.

any information, which is essential for many modern applica-
tions, such as wireless communications, radar, advanced instru-
mentation, and electronic warfare systems. Although there is
a significant progress in analog-to-digital conversion, the sam-
pling speed of the state-of-the-art electronics is still limited,
which is the bottleneck that limits most of the modern appli-
cations where a fast analog-to-digital conversion is required. A
comprehensive review on electronic analog-to-digital conver-
sion can be found in [163].

In the last few decades, the use of optical technologies to
achieve analog-to-digital conversion has attracted great interest
thanks to the technological breakthrough in pulsed laser sources,
which can produce ultra-narrow and high-repetition rate op-
tical sampling pulses with a timing jitter significantly below that
of electronic circuitry. In addition, the use of optical sampling
would have an added advantage, that is, the back-coupling be-
tween the optical sampling pulses and the electrical signal being
sampled is small and negligible. A comprehensive review on

Mach—Zehnder modulators with identical half-wave voltage
[167] and cascaded phase modulators [168]. Recently, a scheme
to use a free-space interferometric structure was proposed in
which a phase modulator was incorporated in one arm of the
interferometer [169], [170]. By placing the photodetectors at
the specific locations of the diffraction pattern generated at the
output of the interferometer, digital data with linear binary code
are generated. The same concept was recently demonstrated in
[171], but the interferometric structure was realized based on
pure fiber-optics, which makes the system more compact.
Recently, a photonic analog-to-digital conversion scheme
implemented using an array of Mach—Zehnder modulators
with identical half-wave voltages was demonstrated [172]. The
system architecture is identical to the one shown in Fig. 36(a),
except that the Mach—Zehnder modulators have identical
half-wave voltages, as shown in Fig. 37. The Mach-Zehnder
modulators are biased such that the transfer functions of the
Mach—-Zehnder modulators are laterally shifted, which leads to
the generation of a linear binary code to represent the analog
input signal. The operation principle is shown in Fig. 38. For
an analog-to-digital converter with four channels, the four
Mach—Zehnder modulators are biased with their transfer func-
tions shifted laterally with a uniform phase spacing of /4, as
shown in Fig. 38(a). The outputs from the comparators with a
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threshold level as half of the full scale are shown in Fig. 38(b).
The quantized values of the signal at the output of the 4-channel
analog-to-digital converter are shown in Fig. 38(c).

The use of the Mach—Zehnder modulators with identical half-
wave voltages simplifies greatly the design and implementation,
which provides a high potential for integration. The key limita-
tion of the approach in [172] is that for an n-channel ADC, the
code length of this scheme is 2n, while the code length is 2"
for the schemes in [165], [166]. Note that the channel number
n in this approach does not equal to the bit resolution N when
n is greater than 2. The bit resolution Ny of the approach in
[172]is given by Nr = log,(2n). A solution to improve the bit
resolution while using small channel number is to use multiple
comparators for one channel [173].

VII. DISCUSSIONS AND CONCLUSION

Photonic techniques provide many advantageous features
over its electronic counterpart for the generation, processing,
control, and distribution of microwave and mm-wave signals
for applications such as broadband wireless access networks,
sensor networks, radar, satellite communications, instrumenta-
tion, and warfare systems. In this tutorial, an overview about
the microwave photonics techniques developed in the last three
decades was presented, with an emphasis on the system archi-
tectures for photonic generation and processing of microwave
and mm-wave signals, photonic true-time delay beamforming,
radio-over-fiber systems, and analog-to-digital conversion.
The development status of microwave photonic devices has
been recently reviewed in [174], which was not discussed
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here. In addition to the four conventional topics reviewed
in this tutorial, a few new topics would be of interest to the
microwave photonics community, which includes photonic
generation of arbitrary microwave and mm-wave waveforms
[175], Ultra-wideband over fiber systems [176], and slow light
for microwave photonics applications [177].

Different microwave photonics system architectures to re-
alize different functionalities have been proposed. The key chal-
lenge in implementating these systems for practical applica-
tions is the large size and high cost of the systems. The mi-
crowave photonics systems demonstrated in the past few years
were mainly based on discrete photonic and microwave compo-
nents, which make the systems bulky, heavy and costly. A solu-
tion to the limitation is to use photonic integrated circuits. The
current activities in silicon photonics [178] would have an im-
portant impact on the development and implementation of future
microwave photonics systems if a major breakthrough in devel-
oping practical silicon lasers is envisaged in the near future.
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