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Abstract—This paper is concerned with the optical domain
generation of high-quality millimeter-wave signals for fiber-radio
and other applications. The mode-locked millimeter-wave op-
tical transmitter described here is based on simple electrooptic
microchip laser technology. The transmitter can be designed to
operate from a few gigahertz to 100 GHz and beyond. The residual
phase noise of the laser is below 100 dBc/Hz at 1-kHz offset,
which makes it well suited for optically fed millimeter-wave wire-
less applications. A key feature of the transmitter is its simplicity,
the very small number of elements it employs and the high level
of integration of the millimeter-wave and photonic components
that results in a small, rugged, and reliable package. The paper
describes the design, fabrication, and experimental evaluation of
the transmitter.

Index Terms—Fiber radio, microchip lasers, millimeter-wave
generation, mode-locked lasers, optical fiber communication,
optical transmitters.

I. INTRODUCTION

G IVEN THE increasing demand for high-speed com-
munications, there has been growing interest in

developing techniques that can transmit microwave and/or mil-
limeter-waves over optical fiber. There are both commercial and
military applications for this type of technology. Commercial
applications include personal communication systems (PCS)
[1], and broad-band distribution of interactive multimedia
services to the home [2]. Examples of military applications
include Doppler radar [3] and phased array antennas [4].

The principal advantages of the transmission of high fre-
quency signals over fiber is low attenuation and cost when
compared to the conventional coaxial cable or radio trans-
mission, and the large bandwidth even when only part of the
available bandwidth is exploited. An additional advantage that
makes millimeter-wave desirable for fiber radio systems is that
these frequencies are highly attenuated by water molecules
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and oxygen in the atmosphere (i.e., 16 dB/Km at 60 GHz)
[1]. This can be exploited to limit signal propagation to within
the proximity of a picocell, as required for wireless secure
communication and for frequency reuse.

A typical fiber radio distribution system consists of a mil-
limeter-wave optical transmitter at the central station and nu-
merous base stations at the picocell sites. Cost and reliability
issues mandate very simple base stations with no local oscil-
lator or sophisticated signal processing. This implies the need
for an optical transmitter that can generate all the necessary op-
tical signals as required for the generation of high-quality mil-
limeter waves at a photodetector output located in the base sta-
tion. Specifically, the detected signal at the base station must in-
clude the millimeter-wave carrier with suitable modulation for
wireless transmission as described in [5].

There are many methods to achieve this, including direct
modulation and mode locking of semiconductor lasers [1], [6],
external modulation [7], laser heterodyning [8], and subhar-
monic optical injection locking [9]. However, these techniques
usually lack in performance or are extremely complex and
costly. In this paper, a novel optical transmitter based on a
mode-locked neodymium-doped lithium niobate (Nd:LiNbO)
microchip laser is described.

The mode-locked millimeter-wave optical transmitter
(M-MOT) is comprised of three principal parts: the mode-
locked microchip laser, an optical modulator, and a high-speed
photodetctor, as depicted in Fig. 1. The mode-locked microchip
laser has three components: the microchip laser which is
housed in a millimeter-wave cavity, the semiconductor laser
diode that “pumps” the microchip laser, and a millimeter-wave
source that locks the phases of the laser longitudinal modes.

The various information signals, namely voice, video, data,
and others are modulated onto a subcarrier and imposed on
the optical carrier with an external optical modulator such as a
Mach–Zehnder modulator. Some applications may require op-
tical domain filtering which would also be carried out at this
level. Finally, at the high-speed photodetector, the beating of the
modulated locked modes yields a millimeter-wave signal with
the information signals.

The approach taken in the design of the microchip laser is
significantly different from past practices in two main aspects.

1) The host material for the solid-state microchip laser is an
electrooptic crystal, LiNbO, which provides for efficient
interaction between the optical and electric fields. This is
exploited for efficient mode locking.
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Fig. 1. Block diagram of the M-MOT.

2) The laser and the microwave components are fully inte-
grated in a compact, rugged and low cost package, which
reduces parasitic effects and therefore provides for better
performance.

The following sections of the paper describe design issues
as well as several stages of hardware development and perfor-
mance results.

II. M ODE-LOCKED MICROCHIPLASER

The core of the M-MOT is the solid-state microchip laser. Mi-
crochip lasers are monolithic flat–flat optical cavities formed
by a short length of gain material and dielectric mirrors de-
posited directly on their end facets [10]. Since the host mate-
rial, lithium niobate, is electrooptic, the laser chip can be placed
in a millimeter-wave cavity to facilitate effective interaction of
the optical and millimeter-waves resulting in superior mode-
locking performance [11]. Therefore, the motivation for using
microchip lasers is driven by the following three main factors.

1) Solid-state lasers generally exhibit better stability, lower
noise, and higher output power than semiconductor lasers.

2) The microchip configuration provides a low cost, com-
pact, short length cavity, which is very suitable for mode-
locking at high millimeter-wave frequencies.

3) Solid-state lasers lend themselves to integration with the
microwave subsystems, yielding a low cost, rugged, inte-
grated package that can be manufactured in large quantity.

With regard to the design of the mode-locked microchip laser
emphasis was on simplicity and minimizing the number of
component employed. The following specific goals were
established:

1) efficient optical coupling of the semiconductor diode
pump beam into the microchip laser;

2) efficient coupling of the laser output into a single-mode
fiber;

3) optimal interaction between the millimeter-wave and op-
tical fields;

4) use of low noise and low cost millimeter-wave input
signal for mode locking.

A. Microchip Laser Crystal Design

The microchip laser used in this paper employs a y-cut
lithium niobate (LiNbO) crystal as a host material, doped with
1-atm% of neodymium (Nd) to provide for optical gain. In
addition, 5-atm% of magnesium oxide (MgO) was also added
to the melt before pulling to reduce the effects of photorefrac-

tive damage [12]. Lithium niobate was selected for the laser
because of its excellent optical and electrooptical properties,
principally its large electrooptic coefficients. Dielectric mirrors
were then directly deposited on the crystal facets, forming an
optical cavity. The length of the laser cavity was 3.48 mm,
which corresponds to a round-trip time of 50 ps, or an axial
mode spacing of 20 GHz, matching the desired millimeter-wave
subcarrier for this particular experiment. The laser cross section
is 1 1 mm. It is important to note that this technique can be
extended to other frequencies by properly scaling the length of
the microchip laser cavity.

The immediate availability of neodymium-doped lithium nio-
bate, which lases at 1.084m, represents a critical first step
in development of the transmitter. Current efforts with erbium-
doped lithium niobate and erbium-doped glass/lithium niobate
composite crystals show promise for device development at the
important 1.5- m wavelength range.

B. Millimeter-Wave Cavity Design

In order to achieve low-noise millimeter-wave generation,
the microchip laser must be mode locked to an external mil-
limeter-wave signal. In our paper, this millimeter-wave signal is
coupled to the Nd : LiNbOmicrochip laser through a reentrant
microwave cavity, depicted in Fig. 2(a).

The reentrant coaxial cavity was designed to match the axial
mode spacing of 20 GHz. The basic design used a transmis-
sion line analysis, with the cavity modeled as a short length
of lossless coaxial transmission line, terminated by the capac-
itance of the gap between the center conductor and the bottom
of the cavity [13]. The cavity length is selected such that the
transmission line inductive reactance cancels the gap’s capac-
itive reactance at the desired resonant frequency of 20 GHz.
Both the fringing capacitance of the gap [14] and the capaci-
tance of the solid-state laser chip are included in this analysis.
Thus, a first-order approximation of the required cavity length
is obtained.

The mechanical design provides course frequency tuning
with a cavity length adjustment about the nominal value and
fine adjustment with a tuning screw in the sidewall of the
cavity. The mechanical design also incorporates an alignment
groove in the bottom of the cavity to facilitate the alignment
of the laser chip and input and output optics. The 20-GHz
mode-locking signal is coupled into the cavity by a small loop
antenna (inductive coupling) located on the cavity sidewall.
In addition, a temperature sensor and a thermoelectric cooler
are incorporated into the microwave cavity in order to keep the
cavity and the laser at a fixed temperature.
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(a)

(b)

Fig. 2. (a) Cross section of the cylindrical reentrant microwave cavity with the
microchip laser. (b) MeasuredS of the reentrant cavity with the microchip
laser. Dotted lines indicate simulated resonant frequencies.

C. Mode-Locking Signal Coupling

In order to facilitate the most effective interaction between
optical and millimeter-wave fields, the laser chip is placed in the
center of the gap between the center conductor and the bottom
of the reentrant cavity where the electric field is highest. This
location will provide the strongest electrooptic interaction and
should provide the best mode-locking performance. However,
it should also be noted that mode-locking theory is not totally
developed for the case where both the gain (for lasing) and elec-
trooptic (for mode locking) properties are in the same medium
and occupy the entire laser cavity [15]. Therefore, there is some
uncertainty with respect to the field distribution required within
the crystal for optimum mode locking.

In order to gain insight into the mode-locking signal coupling,
a finite element computer simulation of the millimeter-wave
field distribution within the laser and cavity was initiated using
a commercially available high frequency structure simulator
(HFSS). The reentrant cavity, solid-state laser chip, alignment
groove, coupling probe, and tuning screw are all incorporated
into the model. The simulated resonance frequencies of 17.02
and 19.80 GHz for this model are accurate to within 1% of the
measured values determined via an measurement, 17.05
and 19.75 GHz, respectively, as indicated in Fig. 2(b). The
electric field distributions in the reentrant cavity and laser chip
were also computed for the dominant mode at 19.80 GHz. The
field distribution is stronger in the laser chip than in the open
cavity as desired, as expected from the large dielectric constant
of the laser chip (the relative dielectric constant is 26 in the

-direction at 9 GHz) [16]. The nonuniform field distribution is
symmetric along the longitudinal axis of the laser chip with the
highest field concentration occurring at the center of the laser
and mostly concentrated along the-axis. It is expected that a
nonuniform distribution will result in the best mode coupling
and, consequently, optimum mode locking [15]. The insight
gained from these and ongoing simulations will ultimately lead
to a complete mode locking theory for this unique laser.

D. System Integration

During the development of the M-MOT transmitter the is-
sues outlined earlier were systematically addressed, leading to
three different packaging configurations. Each generation used
the same laser chip and basic reentrant cavity design. However,
each successive configuration employed a higher level of inte-
gration. The three generations of laser hardware development
are discussed below.

1) First Generation—Baseline Design:Our baseline proof-
of-principle design [11], [17] employed our optical/microwave
cavity, an external semiconductor diode pump laser, and an ex-
ternal microwave source. While meeting performance goals, the
baseline design consisted of several external components rather
than a single package. Hence, further developments were pur-
sued.

The external semiconductor pump laser diode operated at
814 nm with an output power of 280 mW. The pump beam
was coupled to the microchip laser through a fiber imbedded in
a ceramic sleeve. The ceramic sleeve was aligned with the col-
limator and the laser placed in between them into an alignment
grove designed to aid in the mechanical alignment of the semi-
conductor laser chip. The microchip laser output was coupled to
a single-mode fiber using a fiber collimator. The mode-locking
signal was obtained from an external frequency synthesizer or a
Gunn oscillator.

2) Second Generation—Integrated Millimeter-Wave
Source: The transmitter second generation emphasized the
replacement of the external synthesizer with a compact, low-
cost millimeter-wave signal source. It was found that a Gunn
oscillator could easily be packaged together with the reentrant
microwave cavity leading to a compact design. Furthermore,
the 10 dBm of millimeter-wave power from the Gunn
oscillator is sufficient for mode locking. We also note that
efforts are currently underway to integrate the Gunn oscillator
into the microchip laser housing to promote even greater size
reduction. The spectra of the free-running and mode-locked
signals are depicted in Fig. 3. The phase noise is adequate for
many communications applications, but could be improved
further by use of an equally compact lower phase-noise source
such as a dielectric resonator oscillator (DRO).

3) Third Generation—Integrated Pump:The third gener-
ation of the transmitter is designed and under test. This is a
more compact configuration with an internal semiconductor
pump. A laser diode chip is incorporated into the reentrant
microwave cavity as shown in Fig. 4. With this approach only
one temperature controller is used to stabilize the pump and
reentrant cavity. Once again, the pump beam and the collimator
are aligned, and the laser chip is adjacent to the pump. This
configuration is easier to work with and allows for systematic
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(a)

(b)

Fig. 3. Microwave spectrum of the laser output. (a) Free-running. (b) Mode-
locked microchip laser.

Fig. 4. Depicts the inside of the cavity, with the top removed. The pump diodes
are permanently affixed and the laser chip is inserted into the grove.

repeatability. These efforts in system integration resulted in
an integrated package design, consisting of a rugged cavity
comprised of the laser chip, two active components, namely
the diode pump and the Gunn diode each driven by single dc
inputs, one temperature controller, and one optical output.

III. EXPERIMENTAL CHARACTERIZATION OF THE

MODE-LOCKED MICROCHIPLASER

A thorough characterization of the mode-locked optical
transmitter requires measurements in both the optical and
millimeter-wave domains. This section describes the tests
performed in both of these domains.

Fig. 5. Optical spectrum of the mode-locked laser output. The resolution is
0.05 nm.

Fig. 6. Microwave spectrum of the mode-locked laser output. The frequency
span and the resolution bandwidth for this measurement are 1 MHz and 10 kHz,
respectively.

The 20-GHz mode-locking signal from a Gunn oscillator or a
synthesizer was applied to the reentrant microwave cavity. The
microwave frequency was set to correspond to the free spectral
range of the laser and the microwave cavity was adjusted to res-
onate at this particular frequency. The mode-locked laser output
was applied to an optical spectral analyzer, microwave spectrum
analyzer, and a phase-noise measurement setup for the optical
and microwave measurements.

A. Optical Domain Characterization

The optical spectrum of the mode-locked laser was measured
using an optical spectrum analyzer with a resolution of 0.05 nm
(i.e., 12.8 GHz) at 1.084 m. The result, shown in Fig. 5,
reveals stable modes spaced at 20 GHz with a well-defined
Lorentzian-like distribution.

B. Millimeter-Wave Domain Characterization

The detected microwave signal, which results from the beat
between adjacent cavity modes, is shown in Fig. 6. These mea-
surements were made with a high speed InGaAs Schottky pho-
todiode (New Focus model 1014). As expected, a stable signal
at 20 GHz was observed. The23-dBc sidebands at 350-kHz
offset frequency are due to the laser relaxation oscillation. We
intend to suppress these by employing feedback control to the
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Fig. 7. Absolute single-sideband phase noise measurement for the mode-
locked laser at 20 GHz. The light line is the Gunn oscillator phase noise and
the darker line is after the M-MOT.

Fig. 8. RF Amplitude noise measurement (in dBc/Hz) as a function of the
carrier offset frequency for the mode-locked laser at 20 GHz. The vertical lines
indicate discrete spurs.

pump laser. Peak suppression of better than 30 dB has been re-
ported in [18].

The phase and the amplitude noise of the generated 20-GHz
signal were also measured. The single-sideband phase-noise
measurement was performed using HP3048A measurement
system. The result, shown in Fig. 7, indicates that the absolute
phase noise is determined by the modulating source, the Gunn
oscillator in this case. The residual phase noise was measured
as well and found to be negligible over the relevant bandwidth
for most applications ( 110 dBc/Hz at 10 kHz). The absolute
phase noise integrated from 10 kHz to 20 MHz is38 dBc.

The amplitude noise of the 20 GHz signal generated using the
microchip laser is shown in Fig. 8. Discrete spurious signals are
plotted separately from the noise power density. In contrast to
the phase-noise, the laser, not the Gunn oscillator is the dom-
inant source of amplitude noise. The35-dBc discrete peak
at 460 kHz is due to the laser relaxation oscillation. The exact
frequency of this oscillation is dependent upon our alignment
of the output coupler. The integrated amplitude noise (discrete

TABLE I
SUMMARY OF THE MICROCHIPLASER SUBSYSTEM RESULTS

spurious interference not included) from 10 kHz to 20 MHz is
27 dBc.
System level performance tests including vector signal

analysis have provided secondary verification of the noise
levels measured here. Furthermore, these tests indicate that
these levels are sufficient to ensure minimal impairment to
QPSK modulation at a 10-Mb/s channel rate [5].

IV. SUMMARY AND CONCLUSION

A novel millimeter-wave optical transmitter was designed,
fabricated, and experimentally characterized. The heart of the
transmitter is a mode-locked electrooptic microchip laser whose
most desirable attributes are simplicity, compactness, high level
integration of the millimeter-wave and photonic components
and superior performance, particularly regarding phase noise.
The transmitter was conceived as part of a fiber-radio system
and it meets all the requirements for this application. Table I
summarizes the important characteristics of the microchip laser
subsystem.

Current efforts, with promising preliminary results, are fo-
cusing on developing mode-locked lasers in Er:LiNbOand
in Er : Glass/LiNbO composites. The erbium-doped lasers will
operate at the more conventional wavelength of 1.5-m wave-
length range. A more powerful pump source and better optical
coupling from the pump into the laser is expected to increase
the optical output power to several hundred milliwatts. The lon-
gitudinal mode spacing of the laser can be readily extended to
100 GHz and beyond by proper scaling of the laser chip. Subhar-
monic mode locking would also allow a lower frequency locking
source to be used. Specifically, we have successfully obtained a
stable 40-GHz mode-locked component at the laser output when
locked to either a 20- or 40-GHz source.

The simplicity of the mode-locked microchip laser coupled
with efficient, integrated packaging of the millimeter wave and
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photoniccomponents implyhigh reliabilityand reducedcost.Al-
though the Mach–Zehnder interferometer is not discussed here,
it should be pointed out that since both the microchip laser and
the modulator use LiNbOthere is a distinct possibility for their
chip level integration as well. The generation and transmission of
highqualitymillimeter-wave signalsover fiberhasnumerouspo-
tential applications. The M-MOT device discussed in this paper
was specifically designed for fiber-radioand LMDS, and it meets
and exceeds the requirements for these particular applications.
However, by suitable tailoring of the device, it can be adopted to
other applications such as the optically fed and controlled mil-
limeter-wave phased-array antenna and high-sampling-rate pho-
tonic analog–digital converters (ADC). Some other applications,
such as pulsed Doppler radar at 94 GHz, have more stringent re-
quirements particularly in terms of phase noise (130 dBc/Hz
or less at 100-kHz offset). Optical domain feed back can dra-
matically increase the of the millimeter-wave resonator and
thus reduce noise further [19].
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