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Abstract: The broad bandwidth and low loss offered by modern
photonics have led to an ever-increasing interest in the design and
implementation of photonically assisted systems for the genera-
tion, processing, control and distribution of microwave signals,
an area called microwave photonics. In this article, a tutorial on
microwave photonics is presented with an emphasis on photonic
true-time delay beamforming, radio-over-fiber and UWB-over-
fiber distribution and photonic analog-to-digital conversion.

Introduction

A tutorial on microwave photonics with an emphasis on the
photonic generation of microwave signals and photonic pro-
cessing of microwave signals was presented recently [1]. In
general, the microwave photonics techniques cover the fol-
lowing topics: 1) photonic generation of microwave signals, 2)
photonic processing of microwave signals, 3) photonic distri-
bution of microwave signals, and 4) photonic analog-to-digital
conversion. In this article, the topics including photonic true-
time delay beamforming, radio-over-fiber and UWB-over-fiber
and photonics analog-to-digital conversion will be discussed.

Photonic True-Time Delay Beamforming
Phased array antennas (PAA) are playing an important role in
modern radar, sonar and wireless communication systems. Con-
ventional phased array antennas are realized based on electrical
phase shifters, which suffer from the well-known beam squint
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 is to use true-time delay beamforming.

Squint Phenomenon
The squint phenomenon is characterized by the position of the
main lobe of the array factor being oriented at different angles
for different microwave frequencies. In other words, the energy
associated with different frequencies is oriented in different
directions and thus restricts the use of the antenna for narrow-
band applications only.

As can be seen from Fig. 1(a), to steer the beam to a direc-
tion with angle of O relative to the broadside direction, a phase
shifter with a phase shift of A¢) is required, which is given

—ogAL _ 5, dsin®
Ap =27 2 21 2 (1)
The beam pointing direction is then given by
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As can be seen the beam pointing direction is a function of
the microwave wavelength or frequency. Therefore, a beam-
forming system using electronic phase shifters will only sup-
port narrowband operation or the beam will be corrupted, a
phenomenon called beam squint. The problem can be solved
if the phase shifter is replaced by a true-time delay line, as
shown in Fig. 1(b), where a true-time delay line with a length
of AL = dsin0 is used. The beam pointing direction is now
given by

() o

It can be seen that the beam pointing direction is inde-
pendent of the microwave frequency. A wide instantaneous
bandwidth operation that is squint free is ensured. Fig. 1(c)
shows the beam squint effect for a phased array antenna us-
ing electronic phase shifters operating at a frequency band
of 10-20 GHz. The far-field radiation pattern of the array
factor for the frequency band between 10 and 20 GHz clearly
shows that the orientation of the main lobe varies with the
feed signal frequency. This phenomenon decreases signifi-
cantly the performance of the beamforming system. Fig. 1(d)
shows the array factor by using true-time delay components.
The far-field radiation pattern of the array factor for the fre-
quency band between 10 and 20 GHz clearly shows that the
orientation of the main lobe does not vary with the feed sig-
nal frequency.

Photonic True-Time Delay Beamforming
Traditionally, feed networks and phase shifters for phased array
antennas were realized using electronic components. As ever
increasing requirement for performance, severe limitations
were observed in electronic devices. For example, copper wires
exhibit high losses at high frequencies resulting in a limited
bandwidth for the feed signals. Furthermore, electronic beam-
forming networks have a relatively high weight, thus limiting
their use in airborne and satellite systems. Optical components,
with key advantages such as immunity to electromagnetic in-
terference (EMI), low loss, small size and light weight, are be-
ing considered as a promising alternative for wideband phased
array antennas.

True-time delay beamforming based on photonic technolo-
gies has been extensively investigated with the systems imple-
mented based either on free-space optics {2} or fiber or guided-
wave optics. A true-time delay beamforming system based on
free space optics has a relatively large size and heavy weight.
Most of the reported systems were implemented based fiber
optics. The realization of tunable true-time delays based on a
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Figure 1. Beam steering (a) using a phase shifter, (b) using a delay line. (c) Beam squint effect for a phased array antenna operating at
10-20 GHz using electronic phase shifters. (d) Array factor of a phased array antenna operating at 10-20 GHz using true-time delay

components.
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Figure 2. A photonic true-time delay beamforming system based on a FBG prism.
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fiber-optic prism consisting of an array of
dispersive delay lines was demonstrated
in [3]. To reduce the size of the fiber-
optic prism, the dispersive delay lines
could be replaced by fiber Bragg grating
(FBG) delay lines {4]. As an example, a
FBG prism consisting of five channels
of FBG delay lines is shown in Fig. 2
[51. As can be seen the beam pointing
direction can be steered by simply tun-
ing the wavelength of the tunable laser
source (TLS). If the FBG arrays in the de-
lay lines are replaced by linearly chirped
FBGs, a true-time delay beamforming
system with continuous beam steering
capability can be realized {6].

The architecture shown in Fig. 2 can
be extended to two-dimensional (2D)
beamforming {7} [8}. In [7}, a 2D true-
time delay beamforming system based on
optical micro-electromechanical (MEMS)
switches with fiber-optic delay lines
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connected between cross ports was demonstrated. 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 x-direction and a wavelength-independent true-
time delay unit with a unit time delay of 6 ps in the y-direction.

Radio-Over-Fiber and UWB-Over-Fiber

Radio-Over-Fiber

The distribution of radio signals over optical fiber, taking ad-
vantage 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 and some radio-over-fiber (RoF) systems have been
deployed for practical applications. Fig. 3 shows RoF networks
that are integrated into an optical communications network
for broadband wireless access. At a backbone node or a central
office, baseband signals are modulated on microwave subcarri-
ers and then modulated on an optical carrier. The signals are
sent over optical fibers to base stations. Microwave signals are
detected at the base stations and then radiated to free space.
For uplink, microwave signals from users are received by mi-
crowave antennas at the base stations and then modulated on
optical carriers, to send via the same or different optical fibers
to the central office. To distribute radio signals over optical
fiber a few key issues should be addressed, including 1) the
dispersion-induced power fading, 2) the dynamic range and
3) the noise figure of the link. Here the first two issues will
be discussed: 1) Single-sideband modulation to combat fiber
chromatic dispersion, and 2) increasing dynamic range to avoid
interchannel distortion.

Due to the chromatic dispersion, double-sideband modu-
lation is not preferred in a RoF system, especially for trans-
mission of high frequency signals over a long distance, since a
double-sideband-modulated microwave signal over fiber will
suffer from the chromatic-dispersion-induced power fading.
The reason behind the microwave power fading along the fi-
ber 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, lead-
ing to the phase changes. For a RoF 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 {9}

p(f)= COSZ(%/WZ) “)

where Ac is the wavelength of the optical carrier, fis the mi-
crowave frequency, C is the light velocity in vacuum.

Fig. 4 shows the microwave power of a double-sideband
modulated signal as a function of the microwave frequency in
a single-mode fiber of a length of 5 and 10 km. The fiber dis-
persion parameter is 17 ps/nm.km. Power fading due to the
chromatic dispersion is clearly observed.

Although the dispersion can be compensated using a dis-
persion compensating fiber (DCF) or a linearly chirped FBG,
a cost-effective solution is to use single-sideband modulation.
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Figure 3. Convergence of wireless and fiber networks.
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Figure 4. (a) A RoF transmission link. (b) Microwave power as
a function of the microwave frequency for a given transmission
length.

Fig. 5 shows the implementation of single-sideband modula-
tion using a dual-port MZM [10}. 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 con-
nected 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 or a ring resonator, to filter out
one of the two sidebands {11}. The major problem associated
with the approach is that the optical filter should have a nar-
row bandwidth to effectively suppress one of the sideband. For
a microwave signal operating a low frequency (a few GHz), a
regular uniform FBG can hardly fulfill this task due to the rela-
tively large bandwidth. The use of a phase-shifted FBG that has
an ultra-narrow transmission band can solve this problem {11].
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Figure 5. (a) Single-sideband modulation using a dual-port MZM. (b) Single-sideband modulation using an FBG to filter out one of

the two optical sidebands.

One of the key performance measures that characterizes
the performance of a RoF link is the dynamic range. In a RoF
system using direct modulation or external modulation, due
to the modulation nonlinearity of a LD or the inherent non-
linearity of the transfer function of a MZM, nonlinear distor-
tions such as harmonic distortions and intermodulation dis-
tortions would be generated, which will limit the dynamic
range of the RoF link. Various techniques have been proposed
to combat the nonlinear distortions. It was reported in {12}
that the third-order inter-modulation can be minimized in a
direct-modulation-based RoF system by using an optimum
bias current to the LD. The use of feed-forward linearization
of a directly modulated LD would also provide a distortion
cancellation [13}. The distortions of a LD can also be reduced
by predistortion [14}. For a RoF system employing an exter-
nal modulator, the nonlinear distortions caused by the MZM
can be reduced by techniques such as predistortion of the RF
signals {15} {16} and linearization of the MZM {17} [18}.
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 would increase the spurious-free dynamic range
(SFDR). Spurious-free dynamic range is defined as the differ-
ence between the minimum signal that can be detected above
the noise floor and the maximum signal that can be detected
without distortions (third-order intermodulation terms). In a
RoF link, the SFDR is limited by several noise sources, in-

cluding the optical phase-induced intensity noise, shot noise
and relative-intensity noise (RIN). For a RoF link that uses
independent light sources with very narrow line width, the
phase-induced intensity noise is small and can be neglected.
Therefore, the dominant noise sources are the shot noise and
the RIN, both are associated with the average received opti-
cal power at the PD. The shot noise and the RIN powers are
linearly and quadratically proportional to the received optical
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 RoF link
has been proposed, such as intensity-noise cancellation {19},
optical carrier filtering {20}, low-biasing of a MZM {21}-{241,
coherent detection {25}, and optical PM-IM conversion using
an FBG-based frequency discriminator {26}.

UWB-Over-Fiber

As defined in Part 15 of the Federal Communications Com-
mission (FCC) regulations {271, a UWB impulse signal should
have a fractional bandwidth larger than 20% or a 3-dB band-
width of at least 500 MHz. The UWB spectral mask defined
by the FCC is shown in Fig. 6. As can be seen, the frequency
band assigned to UWB indoor communications systems ex-
tends from 3.1 GHz to 10.6 GHz, with a bandwidth of 7.5
GHz centered at 7 GHz. The power density must be smaller
than —41.3 dBm/MHz. Due to the low power density regu-
lated by the FCC, the wireless transmission distance is limited
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Figure 6. The UWB spectral mask defined by the FCC for UWB indoor communications. (b) UWBoF system for broadband indoor

wireless access.
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to a few to tens of meters. Such a short-range communications
network can only operate in a standalone mode. To increase
the area of coverage and to integrate the local UWB environ-
ment into fixed wired networks or wireless wide-area infra-
structures, UWB signals are to be distributed using wired line
such as coaxial cable or optical fiber. Thanks to the low loss
and broad bandwidth of the state-of-the-art fiber, the distri-
bution of UWB signals over fiber, or UWB-over-fiber (UW-
BoF) {28}, is considered a promising solution. Fig. 7 shows a
UWBOF system for broadband indoor wireless access. In the
system, UWB signals are generated and encoded in the central
office and distributed over optical fiber to the access points.
At the access points, the UWB signals in the optical domain
are converted to the electrical domain and then radiate to the
free space. For upstream signal transmission, considering the
low data-rate nature of upstream transmission, a simple and
mature wireless communication technique, such as a wireless
local-area network (LAN), would be used. Therefore, the entire
UWBOF system would be operating in a hybrid mode to take
advantage of the high-data rate feature of UWB technique for
downstream signal distribution and the low cost of a mature
wireless communication technique for upstream transmission.

In addition to the distribution of UWB signals over optical
fiber, it is also desirable that UWB signals are generated di-
rectly in the optical domain, without the need of extra optical-
electrical and electrical-optical conversions, to fully exploit the
advantages provided by optics [29]. Fig. 7 shows a technique
to generate UWB pulses based on phase modulation and PM-
IM conversion using a FBG [30]. At the phase modulator, a
Gaussian pulse is modulated on the optical carrier. By tuning
the wavelength of the optical carrier to locate at the left or
right linear slope of the FBG transfer function, a UWB mono-
cycle pulse with opposite polarity is generated.

FBG t
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e Phase m
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Modulator
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Figure 7. UWB pulse generation based on phase modulation

and PM-IM conversion.

To practically deploy an UWBOF system, it is of great im-
portance to reduce the cost. A solution is to integrate UW-
BoF systems into the existing wired optical access networks.
Gigabit passive optical network (GPON) according to ITU-
T G.984 has been widely deployed in parts of the U.S. and
Europe. Meanwhile, Ethernet PON (EPON) according to
the Ethernet-First-Mile standard or IEEE 802.3ah is broadly
deployed in Japan and Korea. However, both GPON and
EPON are based on time-division multiple access (TDMA)
technology, providing services to N users by use of passive
1:N power splitters with an aggregate bit rate, so they can-
not meet the requirements of future access network evolution
regarding aggregated bandwidth, attainable reach and allow-
able power budget. Therefore, there is a worldwide consensus
that the current time-division multiple access (TDMA) pas-
sive optical network would evolve toward wavelength divi-
sion multiplexing PON (WDM-PON) {31}-{33}. Therefore,
it is of great interest to integrate an UWBoF system into

Center Office

Remote Note

Upstream N
UWB N

/]

N

LPF Wired N

Figure 8. UWB over WDM-PON. The system is designed to provide UWB services without affecting the existing wired services.
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Figure 9. A 4-bit analog-to-digital converter using an array of MZMs 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.

a WDM-PON network. Fig. 8 shows a UWB over WDM-
PON network {34].

For downstream transmission, at the center office, a UWB
signal and a baseband wired signal are combined at an elec-
tronic power combiner and then modulated on a single wave-
length at a MZM. The wired signal should have a spectrum
in the range of 0-3.1 GHz. Since a UWB signal, based on
the spectral mark defined by the FCC, would have a spec-
trum in the range of 3.1-10.6 GHz, the two signals could co-
exist without spectral interference. The optical signal at the
output of the MZM is then transmitted through a length of
single-mode fiber to an optical network unit (ONU), where
the optical signal is first detected by a PD and then split into
two paths. In one path, the electrical signal is sent to a UWB
antenna. Since a UWB antenna has a spectral response cover-
ing a range of 3.1-10.6 GHz, it can be used to act as a band-
pass filter to block the wired signal. An UWBOF link is thus
established. In the other path, the UWB signal is filtered out
by a low-pass filter, and only the wired signal is obtained. As
a result, an optical link for the wired signal transmission is
implemented.

For upstream transmission, to simplify the base station, the
optical carrier used for downstream transmission can be reused,
which can be achieved by using a reflective semiconductor
optical amplifier (RSOA). As can be seen, part of the down-
stream signal is tapped and sent to the RSOA. At the RSOA,
the downstream signals are erased due to the gain saturation of
the RSOA and the upstream signal is modulated on the same
optical carrier.

In Fig. 8, the UWB signals at the central office are gener-
ated electronically and then multiplexed with the wired base-
band signals. Recently, an approach to the simultaneous gener-
ation and transmission of UWB signals in the optical domain
was demonstrated, which simplifies the overall system [35].

Photonics Analog-to-Digital Conversion
Analog-to-digital conversion (ADC) is essential for many ap-
plications where analog signals are digitized for processing
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using digital signal processing circuits. Although there is a
significant progress in ADC, the sampling speed of the state-
of-the-art electronics is still limited. In the last few decades,
the use of optical techniques to achieve photonic ADC has at-
tracted great interest thanks to the technological breakthrough
in mode-lock laser sources, which can produce ultra-narrow
and high-repetition-rate optical pulses with a timing jitter sig-
nificantly below that of an electronic pulse generator. The use
of optical sampling would have an added advantage of small
back-coupling.

Fig. 9(a) shows a photonic analog-to-digital converter pro-
posed by Taylor [36H371, in which an array of MZMs was
used, with the input analog signal being symmetrically folded
by the MZMs with each MZM having an electrode length that
is twice that of its nearest more significant bit (NMSB), lead-
ing to a doubled-folding frequency, as shown in Fig. 9(b). The
folding property in the transfer function imposes a require-
ment that the half-wave voltage of the MZM at the least sig-
nificant bit (LSB) should be 2V times lower than that of the
MZM at the most significant bit (MSB), where N is the num-
ber of bit, which is difficult to realize with currently available
photonics technology.

A recent solution to implement a photonic analog-to-digi-
tal converter using an array of MZMs with identical half-wave
voltages was demonstrated [38}. The system architecture is
identical to the one shown in Fig. 9(a), except that the MZMs
are differently biased such that the transfer functions of the
MZMs are laterally shifted, which leads to the generation of a
linear binary code to represent the analog input signal. The op-
eration principle is shown in Fig. 10. For an analog-to-digital
converter with four channels, the four MZMs are biased with
their transfer functions shifted laterally with a uniform phase
spacing of 71/4, as shown in Fig. 10(a). The outputs from the
comparators with a threshold level as half of the full scale are
shown in Fig. 10(b). The quantized values of the signal at the
output of the 4-channel analog-to-digital converter are shown
in Fig. 10(c). Other system structures using MZMs with iden-
tical half-wave voltages including the optical folding-flash
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Figure 10. A 4-channel photonic analog-to-digital converter us-
ing MZMs with identical half-wave voltages. (a) The transfer
functions of the four Mach-Zehnder modulators; (b) The lin-
ear binary code at the outputs of the comparators; (c) Quantized
value (solid line) v.s. the input phase modulation (dotted line).

ADC {39} and the cascaded phase modulator-based ADC {40}
were also demonstrated.

Conclusion

An overview about photonic true-time delay beamforming,
radio-over-fiber and UWB-over-fiber and photonics analog-
to-digital conversion was presented. The key significance of
implementing these functions using photonics is the broad-
band width, high speed and low loss, which may not be
achievable using electronics. Some of the techniques have
been commercialized [41}. For example, Photonic Systems
Inc. has developed a family of microwave photonic links op-
erating over 40 GHz, offering various levels of bandwidth,
noise figure and dynamic range. Pharad has developed a com-
prehensive family of optimized performance RF photonic
transceivers for high dynamic range and low loss RF signal
over optical fiber transport. OEwaves has developed ultra low
phase noise microwave sources based optoelectronic oscillators
for high-frequency and high performance applications. Com-
pared with the electronic counterpart, the commercialization
of microwave photonics techniques is still limited, due to the
lack of photonic integrated circuits. The recent activities in
photonic integrated circuits {42} would be expected to have
an important impact on the development and implementa-
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tion of future microwave photonics systems for both civil and
defense applications.
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