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Abstract—The low-loss wide bandwidth capability of optoelectronic systems makes them attractive for the transmission
and processing of microwave signals, while the development of
high-capacity optical communication systems has required the use
of microwave techniques in optical transmitters and receivers.
These two strands have led to the development of the research
area of microwave photonics. This paper reviews the development
status of microwave photonic devices, describes their systems applications, and suggests some likely areas for future development.
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I. I NTRODUCTION

T

HE DEFINITION of the research area of microwave
photonics can be considered as falling into two parts:
first, the study of opto-electronic devices and systems processing signals at microwave frequencies and, second, the use of
opto-electronic devices and systems for signal handling in microwave systems. Initial work on microwave photonics started
almost as soon as the laser was invented, so that a review
of this area spans not only the entire period covered by this
40th Anniversary Special Issue but also virtually the entire period since that seminal invention. Digital optical-fiber systems
now carry the bulk of terrestrial long-distance communications
traffic, and fiber is increasingly being brought into the local
access network. With many deployed long-distance systems
having channel rates of 10 Gb/s and above, and the evolution
of the ethernet standard to encompass a transmission rate of
10 Gb/s, most future optical communication systems will utilize
microwave photonic techniques. The use of opto-electronics
in microwave systems has now become a commercial reality
in fiber-radio access networks, and there are emerging applications in phased-array antennas, electronic warfare, ultrafast
noninvasive measurements, terahertz spectroscopy and imaging
and radio astronomy.
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This paper will attempt to give some flavor of the history,
current status, and future prospects of this interdisciplinary
research field. Section II will describe some key examples
of early work. Section III will consider technologies for the
generation and detection of microwave rate modulated optical
signals. Section IV will address the theory and technology of
optical transmission links. Section V will describe applications
to microwave systems. Finally, Section VI will consider future
possibilities for the field.
II. E ARLY W ORK
The key elements of microwave photonic systems are optical
sources capable of fast modulation, suitable transmission media, and fast optical detectors or optically controlled microwave
devices.
The development of the first lasers, including in 1960 both
the pulsed ruby laser at Hughes Research Laboratories and the
continuously operating helium neon laser at Bell Laboratories,
can be said to have started the optical communications era. The
important issue of how to modulate the output of these sources
at high rates became the subject of intense activity. Important
early microwave frequency electrooptic modulators include
those of Blumenthal [1] and Johnson [2], while frequencies as
high as 11 GHz were being achieved by the early 1970s [3].
Greater compactness was offered by the semiconductor laser,
and with the development of double heterostructure devices
capable of room-temperature continuous operation in 1970 [4],
[5], this became the preferred source for optical communication. A further advantage of the semiconductor laser was its
capability for direct modulation via the injected current, and
microwave bandwidths were soon realized [6].
For transmission, early plans were based on free-space optics and gas lenses, but following predictions [7] and realization [8] of low-loss transmission in silica optical fiber this
rapidly became the preferred transmission medium. Systems
migrated from graded index multimode fiber operating with
GaAs/AlGaAs lasers at a wavelength of 850 nm to take advantage of the lower loss and dispersion available with advanced
single mode fiber (SMF) at 1300 nm and later 1500 nm. Early
microwave analog-transmission links had very high electrical
input to electrical output losses: frequently > 40 dB. Extensive
component development efforts, described in more detail in
Section III, eventually enabled links to be realized having net
gain, without the use of electrical amplification.
For detection, fast depletion-style p-i-n and avalanche detectors were developed at an early stage [9], [10] and subsequently
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developed to give useful microwave bandwidth response
[11], [12]. Direct optical control of microwave devices was
also investigated, with early demonstrations of tuning of Gunn
oscillators [13], tuning and power modulation of trapped
plasma avalanche and transit time (TRAPATT) oscillators [14],
and tuning of impact avalanche and transit time (IMPATT) oscillators [15], [16] by optical illumination. Injection locking of
bipolar transistor [17] and IMPATT oscillators [18] to intensitymodulated optical signals was also achieved.
The potential of short pulse mode-locked lasers for measurements in microwave circuits and microwave signal generation also became a subject of considerable research interest
[19]–[21] with a variety of pioneering demonstrations.
Fig. 1. Small-signal CW modulation response of 1.1 µm wavelength
quantum-well laser [23].

III. M ICROWAVE P HOTONIC D EVICE T ECHNOLOGIES
A. Source Technologies
1) Directly Modulated Semiconductor Lasers: The simplicity of direct modulation of semiconductor lasers has proved
attractive for many applications, and following early work on
modulation characteristics [6], rapid progress has been made in
reducing electrical parasitics of laser structures and optimizing
laser parameters for high-speed operation. Modulation bandwidth is limited by the photon-electron resonance frequency ωp
above which the undamped detected electrical response falls
4
, where ωm is the modulating frequency. ωp can be
as 1/ωm
approximated by

ωp =

go So
τp (1 + εSo )

(1)

where go is the differential gain, So is the mean photon density, τp is the photon lifetime, and ε the gain compression
factor. Faster response is therefore obtained by reducing the
photon lifetime (short optical cavity, reduced facet reflectivity),
increasing the differential gain (reduced dimensionality), and
increasing the output power. The introduction of multiplequantum-well active regions [22] led to considerable reductions
in threshold current and an increase in differential gain by up to
a factor of two relative to bulk devices, which from (1) leads to
an increase in bandwidth of just over 40%. Fig. 1 shows the
measured frequency response of an InGaAs-GaAs quantumwell laser emitting at a wavelength of 1.1 µm [23]. A −3 dB
bandwidth exceeding 40 GHz is obtained. However, obtaining
similar results at wavelengths convenient for optical-fiber transmission has proved difficult. An important limitation is gain
compression, which has so far limited reliable 1.55 µm roomtemperature operation lasers to bandwidths of about 30 GHz
[24]–[26] despite much research effort.
2) External Modulators: The modulated component of the
optical power output of an optical modulator can be written as
Pom = km Vi Pop

(2)

where km is the modulation sensitivity (V−1 ), Vi is the modulating signal voltage, and Pop is the unmodulated optical input

Fig. 2. Measured link gain against frequency for externally modulated
quadrature-biased and low-biased (suppressed carrier) links [32].

power. It therefore follows that the amount of modulated optical
power for a given modulating signal can be increased simply
by increasing the optical input power, the limit being set by the
power limits of the modulator. Use of this feature allowed the
first demonstration of microwave photonic links displaying gain
without the use of electrical amplification [27].
Interferometric modulators using lithium niobate and gallium arsenide technologies have been realized with −3 dB
electrical bandwidths in excess of 40 GHz [28]–[30]. A 2 cmlong modulator of this design demonstrated a −3 dB electrical
bandwidth of over 70 GHz with an extinction voltage Vπ of
5.1 V [28]. Fiber-to-fiber insertion losses of intensity and phase
modulators in this material system have reached 3 and 1.5 dB,
respectively. Many recent advances in the lithium-niobate
material system have made it possible to make high-power
20 GHz bandwidth modulators with a Vπ of below 2 V [31] and
optical power handling possibilities of over 1 W at 1550 nm
wavelength. Use of low Vπ modulators with high-current photodetectors has resulted [32] in link gains approaching 16 dB
(4 GHz BW) and 12 dB (8 GHz BW) in a quadrature-biased
link and over 40 dB gain in a suppressed carrier link, as
shown in Fig. 2. Further modulator improvements will center around longer microwave-optical interaction lengths made
possible with reductions in electrode loss [33], lower optical
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Fig. 3. Multipass lithium-niobate modulator design [33].

propagation loss, improved impedance matching, and better
optical-microwave field overlap. This combined with 4 and
5 in wafer processing or multipass optical designs, as illustrated
in Fig. 3 [33], allow for interaction lengths of over 10 cm with
corresponding reductions in Vπ .
Materials other than lithium niobate have also shown promise
as external modulators. GaAs designs have achieved −3 dB
electrical bandwidths of over 50 GHz and a Vπ of 13 V for a
1 cm-long modulator [29]. The small size of the optical guides
in GaAs leads to significant fiber-to-modulator-coupling losses
so that the fiber-to-fiber loss for such modulators is on the
order of 10 dB. Electro-optic polymer materials have also been
the topic of recent research where r33 electrooptic coefficient
values of 300 pm/V are being engineered. Modulator performance demonstrations have also been improving, with −3 dB
electrical bandwidths exceeding 40 GHz with Vπ values of 10 V
and fiber-to-fiber insertion losses of 10 dB being obtained [34].
Operation at 110 GHz has also been demonstrated [35]. Significant problems of optical power handling, material stability, and
high-temperature operation are still being addressed and need
to be overcome for practical systems implementation.
Electro-absorption modulators operate by converting the
incident light into photocurrent in their absorbing state.
Waveguide modulators using the Franz–Keldysh effect in bulk
semiconductor materials or the quantum confined Stark effect
in quantum-well materials have been studied extensively. Bulk
modulators at 1530 nm wavelength have achieved −3 dB
electrical bandwidths of 50 GHz with 3.5 V drive for 20 dB
extinction and fiber-to-fiber insertion loss of about 8 dB [36].
To obtain sufficiently low capacitance for such high-speed
operation, the active section of the waveguide must be kept
very short: 50 µm in this example, limiting the modulation
sensitivity. Traveling-wave approaches can be used to improve
this parameter [37], [38], and a 1300 nm-wavelength travelingwave modulator with a −3 dB electrical bandwidth exceeding
5 to 40 GHz, small signal modulation sensitivity 0.65 V−1 ,
and fiber to fiber insertion loss of 11.3 dB has recently been
demonstrated [38]. An attractive feature of electro-absorption
modulators is that they can be integrated with semiconductor
lasers to form compact optical sources capable of ultrafast
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modulation [39]. Recent advances in high-power semiconductor modulators have also been made with devices capable of
handling over 100 mW of optical power [40], where careful
quantum well and waveguide design was employed to prevent
carrier bleaching at high power.
Coupling losses between optical fiber and semiconductor
waveguide modulators can be reduced by moving to nonwaveguide reflective modulator designs, where the light is incident perpendicular to the junction plane, as in the asymmetric
Fabry–Pérot modulator (AFPM). In common with other
electro-absorption modulators, these devices can also be used
as detectors to create a duplex system, as described in
Section V [107].
3) High-Power Continuous Wave (CW) Laser Sources: The
widespread use of external modulators requires the use of a lownoise CW laser. The advantage that external modulation offers
the link designer is the ability to design the CW laser separately
from the modulation bandwidth or link linearity, which are
determined by the modulator design. Since improvements in
link loss, noise figure, and compression dynamic range rely
on high detector photocurrents to obtain shot-noise-limited
operation, research has focused on the design of high-power
low-noise lasers. Examples of high-power semiconductor lasers
include DFB [41], as well as low-gain designs [42], where
power outputs have exceeded 150 mW and are nearing 1 W.
Diode-pumped solid state lasers offer superior amplitude and
phase-noise characteristics to those available from semiconductor designs due to the slow gain dynamics of the active
rare earth ions. The most successful designs are based on the
1320 nm-wavelength transition in Nd : YAG [43] and the 1530
to 1550 nm wavelength-range transitions in Er : Glass. The
1550 nm-wavelength erbium laser is presently being pushed
[44], [45] in both silica and phosphate glass hosts extensively
because of the natural overlap with the mature erbium-doped
fiber-amplifier (EDFA) technology.
4) Heterodyne Sources: Consider two monochromatic optical sources emitting at frequencies ω1 and ω2 , where
|ω1 − ω2 |  ω1 , ω2 . If their optical fields are overlapped with
common polarization and illuminate a photodetector of responsivity R, the resulting photocurrent is given by



i = R P1 + P2 + 2 P1 P2 cos ((ω1 − ω2 )t + φ1 − φ2 )
(3)
where P1 and P2 are the powers, and φ1 and φ2 are the phases
of the two sources incident on the detector. Note the term at
the difference frequency between the two sources. Since lasers
for long-haul optical communications typically emit at a frequency of order 200 THz, slight detuning of the sources enables
frequencies limited only by the photodetector bandwidth to be
generated.
Semiconductor lasers were readily applied to fast
photodiode-frequency-response measurement [46]; however,
the large free-running linewidth of non-line-narrowed semiconductor lasers (typically 1 to 50 MHz) coupled with the
strong temperature and current dependence of their emission
frequency (typically 10 GHz/K and 1 GHz/mA, respectively)
required the application of special control techniques to obtain
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OPLL microwave photonic transmitter [60].

a spectrally pure microwave heterodyne signal. Goldberg et al.
[47] injection-locked two semiconductor slave lasers to different frequency-modulation sidebands of a semiconductor master
laser, current modulated with a microwave source, thereby
correlating the phase noise of the slave lasers. Heterodyne
frequencies up to 35 GHz were obtained, with linewidths less
than 10 Hz. More recently, injection locking to spectral lines
from an optical comb generator has been used to generate
frequencies up to 110 GHz [48], [49]. The main practical
limitation on optical injection locking is that the locking range
is small—typically a few hundred megahertz—so that the
slave-laser temperatures must be controlled with milli-Kelvin
precision, or lasers must be monolithically integrated to achieve
thermal tracking [50].
An alternative technique for correlating the phase noise of
the heterodyne sources is to use an optical phase-lock loop
(OPLL) [51]–[60]. Fig. 4 shows the experimental arrangement
required [60]. Part of the combined output from the two sources
illuminates a photodetector, producing a signal at the difference
frequency between the emissions from the sources. This signal
is compared with a microwave reference frequency in a mixer
and, following appropriate filtering, the output phase error
signal is used to tune the slave laser so that the difference
frequency exactly equals that of the reference. Although simple
in principle and demonstrated for narrow linewidth gas lasers
at an early stage in laser development [51], the practical realization of OPLLs is limited by the requirement that the loop
delay should be small enough to ensure that phase fluctuations of the optical sources are accurately cancelled [52], [53].
The requirement for subnanosecond loop delays to lock nonline-narrowed semiconductor lasers led to much early work
being carried out with narrow linewidth solid-state [54], [55]
or external cavity semiconductor [56] lasers. Nevertheless, by
careful microoptical design, first homodyne [57] and subsequently heterodyne [58], [59] loops were successfully realized
using non-line-narrowed semiconductor lasers with linewidths
of order 10 MHz, yielding reference source limited phase noise
of better than −100 dBc/Hz at offsets of 10 kHz [60]. Fig. 5
shows a ruggedly packaged loop realized for use in phasedarray antenna applications [60].
A method of overcoming the requirement for short loop
propagation delay and hence microoptical construction when
using non-line-narrowed semiconductor lasers is to combine
injection locking with a phase-lock loop, forming an optical
injection phase-lock loop (OIPLL) [61]. Here, control of closeto-carrier phase noise and laser frequency drift is through the

Fig. 5. Ruggedly packaged OPLL module [60].

phase-lock loop path, while wideband phase-noise suppression
is achieved through the injection-locking path. Implementations of such loops with fiber pig-tailed components have
demonstrated phase noise better than −92 dBc/Hz at 10 kHz
offset from a 36 GHz generated signal using lasers of summed
linewidth > 70 MHz [62].
A multimode single laser can also be used as a heterodyne
signal source [63], [64]. For semiconductor lasers, microwave
modulation of the injection current and, hence gain, provides a
convenient method of locking the heterodyne frequency [64].
Tuning ranges of such sources are typically less than 10% of
the heterodyne frequency.
5) Angle Modulated Sources: Although intensity modulation is used in by far the majority of analog links, because
of its simplicity, angle modulated sources are used for long
links, where stimulated Brillouin scattering restricts the performance. Phase modulation can be obtained using the electrooptic
effect in waveguide modulators (see Section III-A2) or by
the refractive index change induced by the Franz–Keldysh or
quantum confined Stark effects [93]. Frequency modulation of
semiconductor lasers by current or electrorefraction has also
been used to create sources for such systems [92], [93].

B. Detection Technologies
1) Photodetectors: Metal–semiconductor–metal photodetectors have been used in a number of microwave photonic
applications. The main attraction has been their compatibility
for integration with field-effect-transistor (FET) devices in
optically controlled microwave monolithic integrated circuits
(MMICs). Bandwidths as high as 78 GHz have been reported [65] with an external quantum efficiency of 7.5% due
to electrode blockage effects. Higher efficiencies are generally obtainable with depletion photodetectors. Avalanche
photodiodes offer internal gain at the expense of higher operating voltages and temperature sensitivity. Using superlattice
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technology, 72% quantum efficiency and an avalanche gain
> 10 have been obtained at a modulation frequency of 13 GHz
and wavelength of 1.55 µm [66]. Since most analog links
utilize high photocurrents to decrease noise figure and improve
link loss, avalanche photodiodes are rarely used, except for
certain niche applications.
The upper limit to depletion photodiode frequency response
is set by transit time effects [67] and by the depletion capacitance of the diode unless traveling-wave techniques are implemented [68]. Optimization involves conflicting requirements
since reducing the depletion width to increase the transit-timelimited frequency increases the depletion capacitance and can
lead to incomplete absorption of light in geometries where light
is incident normal to the junction plane. Loss of quantum efficiency can be compensated for in thin depletion-layer devices
by adding doped absorbing layers [69] adjacent to the depletion
region but with a general increase in some of their nonlinear
characteristics. For high-speed operation waveguide, photodiodes with light incident parallel to the junction plane have
been extensively studied [68] with multimode designs offering
110 GHz bandwidth with 50% quantum efficiency [70].
In high-dynamic-range microwave photonic systems, detector power handling and nonlinear effects are of great importance. The effect of the generated carriers on the electric
field within the detector is an important limiting factor, which
has been studied theoretically [71] and experimentally [72].
Traveling-wave configurations have been suggested to reduce
the space charge density and obtain increased power handling
capability [73], but surface illuminated designs, such as the partially depleted-absorber photodiode (PDA-PD), have yielded
the highest currently handling performance to date [74]. These
high-current handling designs make use of thin depletion regions combined with doped absorbers for increased efficiency.
Other devices utilizing doped rather than fully depleted absorbers include the unitraveling-carrier photodiode (UTC-PD)
[69], [75]. Thin depletion regions are key to obtaining high
photocurrent for two reasons. First, since most photodiodes fail
because of high thermal dissipation, the thin depletion region
can attain higher electric fields for the same applied voltages,
thus lowering Joule heating. Second, the space-charge effect
is reduced because the space charge field is proportional to
the number and separation of carriers within the depletion
region, which are both reduced because of the short transit
time. Fig. 6 shows a typical band diagram for a PDA structure [74]. Absorption occurs both in the doped and depleted
regions. The electrons from the doped absorber are injected
into the thin drift region. The electron transit time in the doped
absorber can be enhanced with a small quasi-electric field from
graded doping [74] or from majority hole current flow [76].
While doped absorber photodiode designs can offer operation
to frequencies exceeding 300 GHz [75], excessive minority
electron transit time can lead to additional small nonlinearities, including current-dependent bandwidth [74], nonlinear
responsivity [77], and harmonic distortion [78]. PDA PDs have
achieved record performance in terms of output radio frequency
(RF) power, with over +24 dBm possible directly from the
PD being reported at 2 GHz [79] with good power-conversion
efficiency.
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Fig. 6.

Band diagram for surface illuminated designs PDA-PD [74].

Interfacing of photodiodes with subsequent amplifiers can be
eased by monolithic integration, and impressive demonstrations
of this have already been reported [80].
2) Optical Control of Microwave Devices: An alternative
signal detection approach is to use the optical signal to control
or introduce signals directly into microwave devices. This approach has several attractions. First, no extra electronic circuits
are required to process the detected signals before application
to the microwave device nor are any circuit parasitics, which
may limit response speed, introduced. Second, optical control
introduces an extra control port to the microwave device. Third,
the optical-control signal is immune to most microwave electromagnetic disturbances. Indirect optical control, where the
control signal is converted to an electrical signal by a photodetector before being applied to the microwave device, will not be
considered here since it can be treated as conventional electrical
control of the microwave device.
The basic process used in direct optical control of microwave
devices is photogeneration of carriers within the device by the
incident optical signal, usually through intrinsic absorption.
In depletion regions, this produces a photocurrent and alters
the built-in potential thus changing the device capacitance. In
undepleted material, the photoconductive effect increases the
conductivity of the semiconductor material.
Optical control of a wide range of microwave devices has
been demonstrated [81]; some of the more important examples
are described below together with some recent developments.
Ampliﬁers: The gain of microwave MESFETs and
HEMTs depends strongly on the gate–source bias. It is possible to control the gain of amplifiers using these devices by
illuminating the gate region and including an appropriate series
resistor in the gate-bias circuit to produce a change in gate
bias in response to the optically generated current [82]. Gain
changes of up to 20 dB in MESFET amplifiers can be achieved
using optical powers of a few microwatts. HEMT amplifiers
exhibit an optical sensitivity that is typically between 7 and
10 times higher [83].
Oscillators: Three main forms of oscillator control are
possible. In optical switching, a change in the intensity of the
optical-control signal changes the oscillator output power. In
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optical tuning, the optical-control-signal intensity is also varied,
but the intensities used are too small to produce significant
oscillator output-power variation. Finally, in optical injection
locking, the optical-control signal is intensity modulated at a
frequency close to the free-running frequency of the oscillator
(k = 1, fundamental locking), one of its harmonics (k integral,
harmonic locking), or one of its subharmonics (k fractional,
subharmonic locking). The modulated optical signal absorbed
in the device active region gives rise to current flow at the
modulation frequency in the device, leading to injection locking of the oscillator output frequency. These phenomena have
been demonstrated for oscillators using avalanche diodes [84],
MESFETs [85], and bipolar transistors [17]. The tuning and
injection-locking ranges have generally been less than 1% of
oscillator free-running frequency, owing to difficulty in coupling light into the active region of the device efficiently.
Optoelectronic mixers: In optically pumped operation, the
signal to be converted in frequency is supplied electrically,
and the local oscillator signal is an intensity-modulated optical
source [86]. The converse arrangement in which an electrical
local oscillator signal is used to downconvert an intensitymodulated optical signal has also been demonstrated [87].
Integrating the photodetection and mixing functions offers the
attraction that electrical coupling between a separate detector
and mixer with consequent matching and parasitic component
problems is not required. Optoelectronic mixers have been
realized using photoconductive devices [87], diodes [86], FETs
[88], and bipolar transistors [89]. Much improved opticalcontrol response has been demonstrated using heterostructure
bipolar transistors in either normal incidence [90] or edgeilluminated [91] configurations.

IV. A NALOG S IGNAL -T RANSMISSION P ERFORMANCE
Interest in the use of optical techniques for wideband signal
transmission arises directly from the low transmission loss
possible in optical fiber compared with electrical coaxial cable
or waveguide. In order to avoid the modal noise problem
characteristic of multimode fiber systems, SMF is used in most
microwave photonic systems. For short-distance applications,
loss and dispersion do not present a serious limitation, even at
850 nm wavelength, but for longer distance applications,
such as cable-television distribution or antenna remoting,
1300–1600 nm wavelength-range operation is preferred. New
fiber designs and dispersion compensation techniques make it
possible to operate throughout this spectral window with good
performance.
The output signal-to-noise ratio (SNR) of a microwave photonic link without embedded electrical amplification is given
by [92]
SNR =

(mRPop Got )2

2B NL (RPop Got )2 +i2na /B + 2eRGot Pop +

4kT
RL



(4)
where m is the modulation index, R is the photodiode responsivity, Got is the transmission path gain (fractional for

Fig. 7. SFDR of quadrature-biased MZM-based link as a function of
photocurrent [98].

unamplified fiber), B is the bandwidth in which the SNR is
measured, NL is the laser relative intensity noise (RIN), i2na is
the mean-squared output noise current due to optical-amplifier
noise, e is the electronic charge, T is the absolute temperature, RL is the detector load resistance, and k is Boltzmann’s
constant. Examination of (4) shows that the SNR can be
increased by increasing the unmodulated optical power Pop
until the laser RIN limit is reached. Utilization of low-RIN
high-power lasers allows for shot-noise-limited SNR, which
increases with increasing current. For long links (greater than a
few kilometers), where fiber nonlinearity (Brillouin scattering)
restricts the fiber launch power, high SNR can still be obtained
by using fiber spans engineered for lower nonlinearity, optical
angle modulation [93], or carrier suppression techniques [94].
In analog links employing external Mach–Zehnder Modulators (MZM), the sinusoidal transfer function usually dictates
the linearity of the link unless fiber [95], or photodetector [96]
nonlinearities dominate. Biasing the modulator at quadrature
yields the highest slope and the highest link gain or lowest
loss. In addition to being the point of highest slope, operation
at quadrature yields an odd transfer function thus minimizing
the second-order-distortion output. Third-order distortion from
the sinusoidal transfer function is a weak function of bias [97]
and limits most practical links as it yields two-tone third-order
distortions within typical signal bandwidths. Intermodulation
distortion is usually quantified by the spurious free dynamic
range (SFDR), which is defined as the largest input SNR signal
possible without observation of measurable distortion products
above the noise floor. For quadrature-biased MZMs, the SFDR
is only a function of photocurrent [98] and laser RIN, as shown
in Fig. 7, unless the modulator sensitivity becomes so high
that input thermal noise appears at the output of the link.
SFDR values of greater than 120 dB · Hz2/3 [96] have been
achieved for a 100 mA balanced detection link over multioctave bandwidths. Higher multioctave dynamic-range links
will likely focus on techniques to linearize the MZM transfer
function [99]–[101], feedback or feed forward compensation,
or coherent frequency or phase (angle) modulation.
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The development of optical amplifiers has enabled “transparent” optical networks to be realized, in which signals of near
arbitrary format can be distributed with small degradation due
to noise and amplifier nonlinearity. The most important technologies for amplifiers are the traveling-wave semiconductor
optical amplifier (SOA) [102] and the EDFA [103]. The EDFA
is pumped using a semiconductor laser and has the advantage
that it can be spliced directly into a fiber system, avoiding
significant coupling losses. Since the fluorescence lifetime of
erbium is long (> 10 ms), low distortion performance can be
maintained for modulation frequencies down to the megahertz
region, whereas SOAs generally show substantial distortion
below a few hundred megahertz since typical carrier lifetimes
are of the order of a nanosecond.
The choice between SOAs and EDFAs for microwave
opto-electronic applications depends on the systems context.
SOAs can be integrated into opto-electronic integrated circuits,
whereas EDFAs interface naturally with fiber systems. SOAs
offer greater power-added efficiency, which is an important
requirement for space applications, whereas EDFAs offer lower
added noise and lower minimum modulation frequency. It
therefore seems likely that both types will find applications.
V. A PPLICATIONS

Fig. 8.

In-building fiber distributed antenna system.

A. Wireless-Over-Fiber Systems
The principal attraction of wireless-over-fiber technology
is that it centralizes most of the transceiver functionality by
transmitting the wireless signals in their modulated format
over fiber and reduces the fielded access points to antennas
with associated amplifiers and frequency converters. Standardsindependent and multiservice operation is facilitated.
At frequencies used for existing cellular systems (900 MHz
and 1.8 GHz for GSM, 2 GHz for UMTS), semiconductor
lasers, directly modulated with the data modulated RF signals, SMF, and wide bandwidth photodiodes are preferred for
wireless-over-fiber systems. Fig. 8 shows a typical system layout. Wireless base stations are located in a central communications room and their outputs/inputs fed through RF multiplexers
to lasers/photodiodes contained within the optical transceiver
hub. The modulated optical signals are linked to/from the
remote antenna units (AUs) in the building using single-mode
optical fiber. A major cost saving is becoming available in such
links with the development of high-linearity uncooled laser
diodes [104].
Strong growth in the use of IEEE 802.11 a/b/g wireless
local area networks (WLAN) has led to the development of
systems for the simultaneous transmission of multiple WLAN
channels over a single wireless-over-fiber link [105], showing
the wide dynamic-range capabilities available with modern
directly modulated lasers.
For in-building applications, there has been considerable
interest in the passive picocell concept [106], in which the base
station uses a combined detector/optical modulator, which is
directly coupled to the antenna, so that no electrical amplification or other processing is required. Typically, a waveguide
electro-absorption modulator is used as the detector/modulator.
However, this leads to system penalties due to the polarization

dependence of the modulator and the high optical insertion loss.
A more recent approach uses a normal incidence AFPM to give
polarization independence and a low optical insertion loss by
direct coupling to single-mode optical fiber [107].
Multimode fiber, although forming by far the majority of
the in-building installed fiber base, has seen restricted use
for wireless-over-fiber applications, since its small bandwidth ·
distance product (typically < 500 MHz · km) requires signal
transmission at intermediate frequency (IF) with up/down conversion at each AU [108]. Above the multimode fiber cutoff
frequency, the transmission response is fairly uniform, but at a
lower level, and it has been shown to be possible to use this
frequency range for wireless-over-fiber transmission without
down/up conversion [109].
To cater for growth in broadband, wireless-access application spectrum has been made available in the 28, 40, and
60 GHz bands. Here, single sideband techniques are preferred
to overcome dispersion limits on propagation in standard SMF.
At higher frequencies, where direct modulation or external
modulators are not available, a wide variety of techniques have
been investigated [110]–[116] to provide broadband wirelessover-fiber access while minimizing the fiber dispersion penalties resulting from the high carrier frequency. These include
dispersion compensation [112], frequency multiplying modulators with sideband filtering for modulation [113], optical single
sideband modulators [114], synchronization of a mode-locked
laser to a subharmonic optical clock, and optical injection
locking of two slave lasers to spectral lines from a directly
modulated master laser, as described in Section III-A4 [116].
Of these methods, dispersion compensation requires adjustment if the fiber span length is changed and the modulator
approaches suffer substantial optical loss, whereas the power
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Sixth-order microring-resonator filter [125].

output at the required modulation frequency from mode-locked
lasers is usually small so that optical amplifiers are required,
increasing the system cost. Injection-locking approaches offer
high launch power, reducing the need for optical amplifiers, but
require milli-Kelvin temperature control of the slave lasers for
reliable operation. Use of the OIPLL technique described in
Section III-A4 overcomes these limitations [117].
The cable television industry is also using broadband fiber
technology for distribution of both analog and digital signals
[118]. Each modulated channel is mixed with a subcarrier in
the electrical domain to form a composite signal, which is used
to modulate the optical source. Linearity requirements in such
systems are stringent [119].
B. Signal Processing
Optical-fiber delay lines offer longer delays for microwave
bandwidth signals than competing technologies, such as bulk
acoustic wave devices. Deborgies et al. [120] report a 100 µs
optical-fiber delay line with a directly modulated semiconductor laser source for use up to 8 GHz. SNR exceeds 127 dB·Hz up
to 4 GHz, falling to 115 dB·Hz at 8 GHz. Higher figures would
be achievable using an externally modulated source. However,
the existing system exceeded the performance of bulk acoustic
wave technology for all frequencies greater than 1 GHz. Such
delay lines are useful in radar target simulators [121].
Optical filters with microwave bandwidths using fiber delay
lines have been extensively investigated [122], [123], and the
development of doped fiber amplifiers, fiber Bragg gratings,
planar glass waveguides [124], high-index glass waveguides
[125], and microring resonators [125], [126] has considerably widened the possibilities for filter synthesis. Fig. 9 [126]
shows a six-pole microring-resonator technology that is capable
of demonstrating exceptional higher order filtering functions.
Excellent insertion loss, flat-top shape, high skirt steepness,
and rejection for filters made with these resonators in highindex glass waveguides are shown in Fig. 10, and performance
comparable to microwave filter technology can be obtained.
Future work will likely be focused on narrowing filter bandwidth and implementing tunable designs.
Multioctave bandwidth signal processing receiver design
with improved rejection of intermodulation and spurious responses has been demonstrated by using optical modulators as
photonic mixers [127]. Here, the optical input to the modulator

Fig. 10. Transmission characteristics of microring-resonator filter as a function of order [125]. Bandwidth normalized to the −3 dB filter bandwidth.

is intensity modulated by the local oscillator signal, and the
signal is applied to the electrical input. The configuration also
has the advantage that there is no local oscillator radiation from
the signal port.
Signal processing has also been applied to free-space optical
systems. Significant gains in detection sensitivity have been
demonstrated by applying coherent microwave detection techniques to LIDAR for detection of undersea objects [128].
C. Downconverting Links
Many RF systems incorporate up- and down-conversions for
processing signals. Many of these systems utilize fixed IFs
followed by further narrowband analog processing, such as
correlation or direction finding, or by analog-to-digital conversion with subsequent digital signal processing. Up- and downconversions within an optical link have been accomplished by
a variety of techniques. Some of the most promising of these
utilize multiple external modulators [129] to implement the
required frequency conversions, where one modulator is used to
impress a local oscillator and the second modulator impresses
the RF signal, with the IF recovered to the electrical domain
at the output of the photodetector. The advantages of optical
mixing include remoting of the local oscillator from the RF
signal location as well as excellent RF-LO isolation.
Improvements needed in downconverting links include designs to provide image rejection, improve multisimultaneoussignal performance, and the development of techniques to
increase the dynamic range. Some efforts to implement image
reject downconversion [130] or multiple simultaneous downconversion [131] of many RF channels have been demonstrated,
but further work is needed in this area.
D. Antenna Beam Forming
In a phased-array antenna, the beam is formed by adjusting
the phase relationship between a number of radiating elements.
Advances in MMIC make it possible to use active elements at
acceptable cost. Much of the expense then lies in the signaldistribution scheme required to obtain the necessary phase
relationship between elements. Traditional microwave power
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Fig. 11. True time-delay beam former using dispersive fiber [139].

splitters and transmission systems are cumbersome and lossy,
particularly at millimeter-wave frequencies. There has thus
been interest in optical-fiber techniques for both signal transmission [132] and, more recently, for beam forming [133].
Technologies for optical beam forming are shaped by the
lack of fast (< 1 ns) low-loss (< 1 dB) optical switches and
application-dependent requirements for instantaneous bandwidth. For most communications applications, very wide
(> 20% of center frequency) bandwidths are not required,
and antenna apertures are modest. Coherent beam forming,
using the heterodyne approach of Section III-A4, with phase
shift applied to one source only, then becomes attractive [134].
Significant progress has been made in integrating the beam
former functions in GaAs and LiNbO3 [134] in silicon [135]
and in InP [136] technologies.
For applications such as wideband, large aperture radar,
where true time delay beam forming is required, switching
of the effective optical path length is required. This has been
achieved using multiple sources and detectors [137] and twodimensional free-space optics [138]. Fig. 11 shows a method
using a tunable laser and an array of fibers having different
dispersion values [139]. As the laser is tuned, the differential
delay between fiber paths changes, thus steering the beam.
Fiber Bragg gratings can be used to perform the same function [140].
The use of complex digital signal processing in radar has
led to a desire to convert signals at the array face into digital
form and carry out all subsequent processing digitally. Optical
techniques are being applied to analog-to-digital converters to
achieve the wide bandwidth and wide dynamic range required,
with targets of > 18 GHz at > 8 bit resolution [141]–[143].
Representative results achieved so far include 8 bit SFDR at
10 Gsa/s [143].
E. Other Applications
With the availability of submillimeter-wave bandwidth photodetectors capable of milliwatt-level output power, there are
attractive possibilities for optical local oscillator generation and
distribution in systems such as radio telescope arrays or for

timekeeping. For radio astronomy, phase noise and stability
require careful attention [144]. Signals at frequencies > 1 THz
locked to a microwave reference can be generated using optical
comb generators [145]. Combining optical comb generation
with injection-locked comb line selection has allowed optical
synthesis of signals from 10 to over 900 GHz to be demonstrated [146].
At lower frequencies, the best RF oscillators that have been
demonstrated utilize Sapphire resonant cavities for high Q.
High Q has also been achieved with opto-electronic oscillators
where the long delay and low loss possible in optical fiber can
also be used to produce low phase-noise microwave oscillators
[147]–[149]. The most active area of very high-stability optomicrowave generation utilizes self-referenced mode-locked
femtosecond lasers (MLFL) [150]. In these systems, an MLFL
with spectral lines spanning an octave can lock their envelope
offset frequency by frequency doubling the long wavelength
spectral lines and mixing with the short wavelength portion
of the spectrum to extract and subsequently lock the envelope
offset frequency. Locking the envelope offset frequency to dc
or to a low-frequency low-noise reference effectively locks one
of the lower frequencies of the comb line. Then, a longer wavelength spectral line of the MLFL can be locked to an atomic
reference. With two widely spaced lines of the laser locked, the
stability of the atom’s transition and low-frequency reference
can be transferred to any other spectral component of the MLFL
as all lines of the laser are well defined by the stability of the
two references. Such systems offer the promise of pushing well
beyond the stability of conventional RF oscillators such as those
used in the global positioning system. Recent work [151] has
demonstrated record stability in terms of phase noise, especially
close to the carrier, with further improvements being projected.
The single-sideband phase-noise characteristic obtained from a
Ti-Sapphire system is shown in Fig. 12, where impressive phase
noise in the optical domain was obtained. However, transferring
the optical signal to the electrical domain (where it can be
used for timekeeping) via photodetection results in degraded
phase noise. Improved photodetectors are thus needed to realize the full potential of MLFLs for high-stability RF signal
generation.
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Fig. 12. Comparison of phase-noise spectrum at 1 GHz between (a) low-noise
quartz oscillator, (b) low-noise RF/microwave synthesizer, (c) sapphire loaded
cavity oscillator, (d) projected for Ca optical standard, (e) projected for visible
laser that serves as a reference for Hg+ optical standard, (f) optical pulse train
output of femtosecond laser synthesizer, and (g) microwave electronic output
of femtosecond laser synthesizer [150].

Opto-electronic probing of microwave and ultrafast digital
integrated circuits offers unique low-invasive characterization
at millimeter-wave frequencies and above [152], [153] and has
now been developed to a state where ease of use is comparable
to conventional network analysis.
VI. C ONCLUSION —F UTURE P ROSPECTS
Microwave photonics has demonstrated a remarkable range
of capabilities since the inception of the field. Directly modulated sources, external modulators, and detectors, with bandwidths extending well into the millimeter-wave region, are
now commercially available. The use of external modulators
with high-power low-intensity noise sources enables optical
links with excellent noise performance to be realized. Opticalamplifier technology enables broadband networks with wellcontrolled noise performance to be constructed and plays an
important part in distribution networks for cable television.
Wireless over fiber for cellular access has become a significant
commercial market. With the drive to offer broadband wireless
access, it is very likely that the market share of wireless-overfiber access systems will grow further.
With the majority of fixed communication now being by
optical fiber and per-channel data rates expected to rise through
40 Gb/s, the need for microwave photonics technology in this
large market is assured.
For optical signal processing, growth in applications is dependent on the achievement of wide dynamic range. Novel
architectures involving optically controlled devices are possible
[154], and these are becoming more attractive as the optical
response of microwave devices has been improved. With the
flexibility of digital signal processing, a key technology is
greatly improved analog-to-digital converters, and more work
is required on extremely low jitter optical pulse sources if the
systems targets are to be met.
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Optical beam forming for phased-array antennas has shown
useful capabilities and is likely to see application in communications antennas. The strong interest in digital processing
for radar may mean that substantial development is required
in optical sampling technology before wide-scale application
takes place.
Recently, demonstrated capabilities for optical generation of
millimeter-wave and submillimeter-wave (terahertz) signals are
likely to play a significant part in increasing utilization of this
part of the frequency spectrum.
The unique low-invasiveness advantages of opto-electronic
probing of ultrafast circuits suggest that this will be an area of
major growth as short pulse optical sources continue to reduce
in cost and become simpler to operate. Advances in coherent
optical signal generation and processing technology suggest
that it will play an increasing part in optical-signal-processing
schemes.
In conclusion, microwave photonics has demonstrated a remarkable range of capabilities since the inception of the field.
Those related to signal transmission have become commercially
important. Several other areas have achieved niche exploitation.
With continued investment in the underlying technology, driven
by the requirements of high-capacity optical communications
systems, many more applications will also come to fruition.
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