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e have developed a tunable photonic source of

precision frequencies in the RF, microwave, and

millimeter-wave regimes. This source is based on a

laser that uses stimulated Brillouin scattering in optical fiber as its gain mechanism,

lasing on two wavelengths simultaneously. The lasing modes are heterodyned on

a photodiode to produce the desired output frequency. These modes can be arbi-

trarily far apart, allowing very high frequencies to be generated. The lasing lines

share a single cavity, so that the dominant noise mechanisms cancel. As a result,

the output beat frequency exhibits a narrow linewidth and low phase noise. In this

article, we describe the laser and its use as a photonic frequency synthesizer: its

stepwise tunability, its potential for higher-frequency operation, its linewidth and

noise characteristics, and its applications.

INTRODUCTION

Low-phase-noise microwave oscillators are essential
for a number of military and commercial applications,
and many of these applications require the output fre-
quencies to be tunable over a broad range. Commer-
cial applications include high-precision frequency or
timing references for communications, fiber remoting of
antennas for fiber radio,»? precision clocks, and Global
Positioning System (GPS) navigation. Additional com-
mercial applications include master oscillators for RF

and microwave-frequency synthesizers as well as high-
precision clocks for test and measurement and for
research. An important military application is reference
oscillators for coherent RF sensors.>

A number of tunable, high-frequency sources have
been demonstrated that are based on the heterodyning
of two laser frequencies, either between independent
lasers*=¢ or between two laser modes sharing a common
cavity and common gain.”"!? In the first approach, all
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phase noise and drift from each laser is directly trans-
ferred onto the RF signal; therefore, exceptionally stable
lasers are required to obtain a narrow linewidth and low
phase noise in the RF domain. The second approach
eliminates this problem in that the dominant noise
processes originate with the laser cavity and thus affect
each mode equally; this noise is cancelled out when the
two frequencies are differenced. However, most laser
gain media are homogeneously broadened, which means
that the radiating sites (atoms, ions, or molecules) all
experience the same linewidth-broadening mechanisms.
As a result of this homogeneity, all the sites can radi-
ate into all the lasing modes in the cavity, and these
modes must compete for gain from each of these sites.}3
For dual-mode (dual-wavelength) operation, this gain
competition results in power shifting between the lasing
modes, which can severely degrade the amplitude and
phase noise of the beat frequency.!4

The dual-wavelength operation of a fiber laser with
stimulated Brillouin scattering (SBS) gain!> 10 avoids
both the noise associated with independent lasers and
noise due to gain competition between wavelengths in a
single cavity. Over the past several years, we have devel-
oped an a photonic frequency synthesizer (FPS )based
on a laser of this type under support of internal research
and development programs within the APL Air and Mis-
sile Defense Business Area. We have shown its output
frequency to be discretely tunable up to 100 GHz!"-20
with a linewidth <1 Hz.2%% We have also reported on
this laser’s phase noise?? and demonstrated a technique
for reducing its amplitude noise.?? Finally, we have
used this laser to photonically upconvert data at rates
>] Gb/s onto a 60-GHz carrier and to transmit that car-
rier wirelessly,!¥ 24 as discussed in detail by Nanzer et al.
elsewhere in this issue. In this article, we describe this
SBS fiber laser in detail, discuss its frequency-tuning
capability, and consider possible operation at even
higher frequencies (into the terahertz regime).

CONCEPT

A block diagram of the SBS laser is shown in Fig. 1a.
The laser construction is extremely simple, consisting
only of a pump laser, an optical circulator, and a fiber
ring resonator (FRR). The physical basis for the laser’s
operation is discussed in the following subsections.

Fiber Ring Resonator

The FRR has been extensively developed over the
last 25 years,?> primarily for applications in resonant
fiber-optic gyroscopes?®2? and optical spectrum ana-
lyzers.28-39 The FRR consists entirely of a coil of opti-
cal fiber spliced to two ports of a four-port coupler. As
shown in the Fig. 1, ports B and C are connected such
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Figure 1. (a) The laser resonator. Note that the SBS propagates
oppositely to the pump. (b) Transmission spectrum of the FRR
from coupler port A to port D. Av, ,, full width at half maximum
of the transmission resonance; Avp, free spectral range.

that for light input to port A, some fraction of the light
will be coupled over to port C and will thence be trans-
mitted back to port B, the other port at the input end
of the coupler. The gain fiber is both single-mode at the
desired operating wavelength and polarization main-
taining, as is the coupler. The transmission spectrum
observed at port D of the coupler consists of periodic
minima, as illustrated in Fig. 1b. These minima are
located at frequencies vy, given by

vy = NAvggp = Ne/nL, 1)

where N is an integer, L is the total round-trip length
of the FRR, n is the index of refraction, and c is the
speed of light in vacuum; the quantity Avpgy = c/nL is
referred to as the free spectral range (FSR) of the reso-
nator. These transmission minima result from the fact
that, on resonance, all pump light is coupled into the
fiber within the FRR. The minima have a width (full
width at a transmission halfway between the maximum
and minimum values), Ay 1 given by

Av, n= Avpep/F. (2)

The quantity
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is referred to as the finesse of the resonator, where { is
the total round-trip loss; for well-constructed designs,
the loss is equal to (or only slightly greater than) the
fractional output coupling at the coupler. The finesse
is related also to the quality factor, Q, of the FRR by
the relationship

Q= vopt/Avl/z = NAvggp/Avy, = NF, “)

where we have identified the optical frequency Vot
with a resonance of the FRR from Eq. 1. The Q is a
generally useful property of resonators, whether optical,
electrical, or otherwise, with higher values preferred for
low-noise oscillators. For N = 2 X 107 or higher (appro-
priate for typical fiber lengths) and F = 20-50 (typical
for a simple FRR), Q = 10°. This is substantially greater
than for high-quality microwave resonators. FRRs are
commercially available with F > 3000 and correspond-
ing Q > 101, far in excess of any standard microwave-
frequency resonators.

Stimulated Brillouin Scattering

SBS is a well-known fundamental phenomenon of
importance in the propagation of moderate optical powers
over single-mode optical fiber for significant distances.
The theory of SBS in fibers is extensively developed
in chapter 9 of Ref. 31 and in the references contained
therein; essential background information is reviewed
here. Physically, SBS is the phenomenon of scattering
of photons from acoustic phonons in bulk media. In this
interaction, both energy and momentum are conserved,
so that the following relations are satisfied:

V'=vy—vp )

Here, the quantities (v', vy, vy) and (k’, kg, kg) are
the frequencies and wavevectors, respectively, of the
scattered photon, the initial (pump) photon, and the
phonon. Phenomenologically, there are two important
consequences of Egs. 5 and 6:

1. The scattered photon is reduced in frequency by an
amount vy, which is referred to as the Brillouin shift
or Stokes shift. The Brillouin shift, vy, is a material-
dependent parameter; furthermore, it is proportional
to the optical frequency of the pump photon and is
also weakly dependent on environmental charac-
teristics such as temperature and strain. In standard
single-mode silica fiber at a wavelength of 1550 nm,

vy = 10-12 GH:.

2. The wavevector—i.e., direction of propagation—of
the scattered photon is altered substantially. This
is due to the fact that, although the energy of an
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acoustic phonon is quite small compared with that
of a photon, the phonon can carry momentum
comparable to or in excess of that of the photon.
In a single-mode optical fiber, light can propagate
only forward or backward within the fiber; thus, the
principal consequence of Eq. 6 is that the scattered
photon propagates in the direction opposite to that of
the pump photon.

The SBS phenomenon therefore results in opti-
cal gain at an optical frequency lower than that of the
pump, with the difference equal to the Brillouin shift.
The homogeneous (intrinsic) linewidth of this gain line
is quite narrow, typically ~15 MHz.3% Furthermore, this
gain can be obtained at any optical frequency simply by
pumping with photons at a frequency that is higher than
that desired by an amount equal to the Brillouin shift.
The evolution for the Stokes (Brillouin backscattered)
field on propagation along a fiber is given by

Ps(Z) = Ps(o) exp(gBPpumpZ/Aeff) ) (7)
where Pg is the power in the Stokes field, z is the dis-
tance along the fiber, gy is the material-dependent
peak Brillouin gain coefficient, P is the power in
the pump, and A  is the effective area of the mode
in the fiber. For standard, single-mode silica fiber and
light at 1550 nm, g = 5 X 107!l m/W and A ; =
80 wm?. As an example, from Eq. 7 we can calculate
that, for a fiber of length z = 20 m, a gain of 3 dB results
for Ppump =~ 55.5 mW. Thus, the Brillouin gain pro-
cess can be accessed by using pump lasers of modest
power, comparable to lasers commonly used in the
telecommunications industry.

SBS Fiber Lasers

Because the SBS phenomenon provides optical gain,
it can be used to implement a laser. To construct a laser
based on SBS, four primary conditions must be met:

1. An optical resonator containing a gain medium
must be constructed.

2. A pump source must be provided at a wavelength
(frequency) corresponding to a resonance of the
resonator.

3. The Brillouin gain line must overlap at least one
resonance of the FRR.

4. The pump power must be such that the gain from
SBS exceeds the round-trip loss for light propagat-
ing around the resonator at the Stokes-shifted wave-
length.

These four conditions can be satisfied simultane-
ously for two separate pump wavelengths. Condition 1
is straightforward; it can be met simply by using the
configuration of Fig. 1 with a fiber in the loop that
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is sufficiently long to provide gain (~2-50 m is ade-
quate, depending on pump power). In order to satisfy
conditions 2—4 for two-wavelength operation, certain
relationships among the cavity resonances, pump wave-
lengths, Brillouin gain bands, and SBS lasing lines are
required, as illustrated in Fig. 2. Figure 2a shows the
cavity transmission spectrum, as in Fig. 1. Figure 2b
shows a single pump wavelength that is modulated to
create two pump wavelengths before insertion into the
cavity, as illustrated in Fig. 2c. Figure 2d is the spectrum
of the two Brillouin gain bands produced by the two
pumps. Figure 2e shows the SBS lasing lines that result
from each gain band.

Figures 2a—2c illustrate that condition 2 is criti-
cal: Typically, the resonance width is on the order of
100-500 kHz. Ideally, the pump laser linewidth should
be much less than this. Also, the pump wavelength
must track the FRR resonance even as the latter drifts,
for example, because of changes in the temperature of
the environment of the FRR. Both of these conditions
can be met using servo control of the pump source.
Figure 2d also illustrates the importance of condition 3:
Because lasing will occur only at a resonance of the
FRR, there will be no laser if the SBS gain line does
not overlap a resonance. Fortunately, the width of an
SBS gain line, Avy, is comparable to the FSR of an FRR

(a) Resonator
transmission

(b) Pump laser

(c) Modulated

of typical length (~10 MHz for a 20-m cavity), so that
this condition is not particularly demanding in prac-
tice. Condition 4 is a general requirement for lasing.
So long as conditions 3 and 4 are satisfied, lasing will
obtain at the frequencies v; , and v, ., correspond-
ing to the FRR resonances closest to the peak of each
respective SBS gain band. If these two lasing lines are
heterodyned together on a photodiode, as indicated in
Fig. 2f, nonlinear mixing will generate an RF or micro-
wave beat note of frequency f equal to the optical
frequency difference between the two lasing lines. This
beat-note frequency is the PFS output, and it will be
approximately equal to the difference between the two
pumps. We use the word “approximately” because the
optical mode frequencies are determined by the narrow
cavity resonances rather than the broad gain bands.
As a result, the system will suppress any noise on the
difference between the pump frequencies, as will be
quantified below.

The essential conditions listed above have been
understood for some time; the earliest demonstration
of an SBS fiber laser was made in 197633 Subse-
quently, it was recognized that this approach offered
some potential for implementation of a low-noise, nar-
row-linewidth laser.®37 This led to the development of
laser gyroscopes based on SBS fiber ring lasers.’8-44 The
success of the Brillouin
laser gyroscope depends
critically on rejection of
common-mode technical
noise. ~ Common-mode
rejection occurs when
two lasing modes share a
single cavity; any thermal
drift or acoustic vibration
will be common to the

pump laser

(d) SBS gain

(e) Brillouin lasing

(f) Beat frequency

Frequency ——

Figure 2. Relationships in optical frequency among the principal physical processes in the photonic
frequency synthesizer (PFS). (a) Cavity transmission (green). (b) Initial pump laser (orange). (c) Pump
frequencies for two-wavelength operation (blue) obtained by amplitude modulating the initial pump.
(d) SBS gain bands (gray). (e) SBS lasing lines (red). (f) Beat note in the RF domain generated by mixing
the SBS lasing lines (purple). v, pump-laser frequency; f,, microwave drive frequency;

Y2,pump

gain for higher and lower gain bands; v, .. and v, ;.. higher and lower lasing frequencies; f, ., beat-

note frequency.

higher and lower pump frequencies; v, Brillouin shift; V1,gain and V) gain’ frequencies of peak

two modes. In our two-
mode laser, this noise
will be canceled, to first
order, when the two lines
are differenced on the
photodiode.!® As a resul,
the beat-frequency noise
will be far lower than the
cavity noise.

A key advantage of
the dual-wavelength SBS
laser, as compared with
alternative  dual-wave-
length-laser  techniques
for generating high-
frequency RF and micro-
wave signals,!? is that the
gain for the two modes is
independent: Each mode
obtains gain exclusively

V1 bump and
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from its respective SBS gain band. There is thus no gain
competition between the two lasing modes and there-
fore no competition-induced phase or amplitude noise.
Note, however, that the SBS gain itself is homogeneously
broadened. This fact helps to ensure that only a single
lasing mode—the one with the highest net gain—oper-
ates on each gain band, minimizing mode hopping and
amplitude noise on each mode.

EXPERIMENTAL SETUP

Figure 3 illustrates the complete PFS, which con-
sists of the SBS laser, its pump subsystem, the hetero-
dyning photodiode, control hardware, and ancillary
optical components. The continuous-wave laser pro-
vides a single optical tone in the telecommunications
band (wavelength N\, = 1550 nm, optical frequency
vy = 193 THz) with a linewidth of <10 kHz; this cor-
responds to Fig. 2b. The amplitude modulator (an inte-
grated-optic Mach—Zehnder interferometer on lithium
niobate®) is biased at a null and is driven by the RF
oscillator at frequency f, (equal to half of the desired
output frequency), generating sidebands at v, # f,, which
dominate over the original optical carrier tone, as illus-
trated in Fig. 2¢. The oscillator frequency is selected so
that both v, + f, and v, - f, are resonant with the FRR,
i.e., such that 2f; = NAvpgp, where N is an integer. The
phase modulator is used in one of the servo loops that
stabilize the system. The erbium-doped fiber amplifier
ensures that the optical power suffices for the SBS laser

A FIBER LASER PHOTONIC FREQUENCY SYNTHESIZER

to reach threshold. The optical circulator couples the
pump lines into the cavity.

The FRR consists of a 20% coupler, a piezoelectric
fiber stretcher, and a coil of fiber; all intracavity com-
ponents and all the components in the pump path are
polarization maintaining. The total length of the cavity
is ~20 m, yielding an FSR of ~10 MHz and a resonance
width of ~500 kHz. When the two pump tones are
aligned with the resonances of the FRR, as in Fig. 2c,
pump power builds up in the cavity and each produces a
Stokes-shifted SBS gain band as shown in Fig. 2d.3° The
cavity FSR is less than the Brillouin gain bandwidth, so
that at least one cavity resonance will overlap the SBS
gain band and lasing will result for each gain band at
the cavity resonance with the highest gain. For the fiber
used in these experiments, we measured the peak shift
and full width at half maximum of the gain band to be
10.868 GHz and 14.6 MHz, respectively, at room tem-
perature. The fiber stretcher allows a small amount of
FSR tuning, but it was held fixed during the experiments
described here.

Finally, the two lasing lines are coupled out of the
cavity and are separated from the pumps by the circula-
tor. The lasing lines are then mixed on a photodiode,
producing the PES output: a beat note with frequency
f.ue €qual to the difference between the two lines.

Note that any effects of thermal and acoustic noise
not suppressed by the common-mode rejection are atten-
uated by enclosing the cavity within three layers of ther-
mal control and vibration isolation, illustrated by the

RF
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CW laser B
Thermal and acoustic isolation Isolator
Nl '
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Figure 3. Experimental setup. Amp mod, amplitude modulator; CW, continuous wave; EDFA, erbium-doped fiber amplifier; HV, high-
voltage amplifier; OSA, optical spectrum analyzer; PID, proportional-integral-differential amplifier; ¢-mod, phase modulator; PM,
polarization maintaining; RFSA, radio-frequency spectrum analyzer.
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dashed box in Fig. 3. The syn-

193.397500 THz (1550.1362 nm)

thesizer is further stabilized via
two servo loops. The first servo
is a high-bandwidth (=2-kHz)
Pound-Drever—Hall loop*® that
uses a phase dither of =100 kHz
and a lock-in amplifier to detect
the positions of the pump lines
with respect to the cavity reso-
nances and to keep those reso-
nances locked to the pump tones
by tuning the cavity length via
the fiber stretcher. The second
loop is a much lower-bandwidth
(<100-Hz) servo that integrates
the correction signal from the
first loop to drive the fine-tun-
ing port of the master pump
laser, thus tracking the pump
laser to the cavity. With these
nested servo loops in place,
locking of the pump and cavity
can be maintained over periods
of hours.

Figure 4 is a photograph of the packaged SBS laser
at the core of PFS. The rack-mountable chassis shown
in the photo contains the elements shown inside the
dashed box in Fig. 3 in addition to the circulator and
isolator. On the left are a main power switch, a second
toggle switch for disabling the central layer of heaters,
and three temperature controllers, each of which is
responsible for one layer of heaters. On the right are opti-
cal connectors for the pump input, transmitted pump
output, and SBS lasing output, as well as an electrical
connector for fiber-stretcher control voltage. An unused
optical connector is also present so that an additional
output can be easily added later.

Optical power (10 dB/div)

f

out’

PERFORMANCE

Optical Characterization

An optical spectrum of the pump and Stokes lines
during operation at 8.350 GHz is shown in Fig. 5.
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Figure 4. Photograph of the rack-mountable chassis containing
the SBS laser.
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Figure 5. High-resolution optical spectrum of the optical pump and the Brillouin laser for a
beat frequency of 8.350 GHz. The black trace shows the initial pump laser and its modulation
sidebands. The red trace shows the SBS from the pump laser and its modulation sidebands.
output frequency; Vg Brillouin shift.

The trace shown is a single spectrum; different compo-
nents have been colored for illustrative purposes. The
black components are the initial pump laser output at
v, (indicated by the arrow) and the modulation side-
bands created by modulating at f;=4.175 GHz. In this
early experiment, a phase modulator was used for the
fo modulation, resulting in numerous higher-order side-
bands and substantial residual power at the original
pump laser frequency. More recent experiments have
used an intensity modulator, as diagramed in Fig. 3 and
described above, which yields much weaker higher-order
sidebands and minimal residual power at v, The red
lines are SBS products, each of which is downshifted
by vy from its pump. This experiment was conducted
at an elevated temperature, so the Brillouin shift is
11.1 GHz47 Because there are seven pump lines (the ini-
tial pump, two first-order sidebands, two second-order
sidebands, and two third-order sidebands), there are
also seven SBS lines. Only the center three SBS lines
are above the lasing threshold, and therefore they are
substantially taller than the other red lines. The central
pump tone was not suppressed, as noted above, so its
SBS line is also above threshold. In our recent experi-
ments this tone has been carefully minimized so no SBS
lasing results from it.

Microwave Characterization and Tunability

Figure 6 shows the microwave spectrum of a 10.5-GHz
beat note. The apparent linewidth in this trace is lim-
ited by the 3-Hz resolution of the spectrum analyzer. As
will be discussed in the next subsection, we have shown
the true instantaneous linewidth to be much less.
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10.497409723 GHz
3-Hz resolution bandwidth
1.26-s sweep duration

Beat-note strength (10 dB/div)

| | ] | | ] | ] ]
Frequency (100 Hz/div)

Figure 6. Microwave spectrum of the laser output at 10.5 GHz.
Apparent linewidth is limited by the instrument resolution (3 Hz);
actual RF linewidth is much less.

The description of the laser operation given above
is valid for any combination of pump frequencies that
places both pumps on resonances, so the beat note can
be tuned in steps equal to the FSR.

A FIBER LASER PHOTONIC FREQUENCY SYNTHESIZER

Figures 7 and 8 illustrate a key capability of the dual-
wavelength laser as a PFS: Many individual frequen-
cies, covering a broad frequency span, can be directly
accessed simply by changing the pump wavelengths. For
example, the current configuration can generate some
2300 evenly spaced frequencies over the span of Fig. 8.
Furthermore, we have found that the performance, in
terms of stability and noise, is consistent across this
entire range. In a standard RF/microwave-frequency
synthesizer, frequencies are generated via a combina-
tion of multiplication and mixing between multiple
oscillators at fixed frequencies and/or tunable over a
narrow frequency range. By using the dual-wavelength
laser as a core element, a much simpler frequency syn-
thesizer architecture can be envisioned wherein the
gross frequency tuning is accomplished via the discrete
tunability of the laser, with fine tuning via a single
voltage-controlled oscillator, mixed in the RF domain
with the nearest dual-wavelength laser frequency.

Noise, Linewidth, and Drift

Low-noise performance is critical for some of the most
important applications of microwave oscillators, and the
unique properties of this laser design yield exceptional

Figure 7 illustrates this tuning,
showing every beat note from
1045633 to 10.54900 GH:z. Note
that these frequencies are approxi-
mately 10 MHz apart, which agrees
with the FSR estimated from the
cavity length. Careful calcula-

tions indicate that the cavity FSR
is 10,290,487 + 80 Hz.2% As Fig. 7

indicates, the beat-note spectra

are essentially identical from one
step to the next. The laser can be
tuned over tens of thousands of
FSRs. Figure 8 shows selected beat
notes from 4.0 to 27.5 GHz, and we
have tuned the laser both below!?
and above?? those frequencies.
The FSR itself is tunable over a
very limited range. The intracav-
ity phase shifter offers ~4 wave-
lengths of cavity-length tuning,
yielding FSR tuning of approxi-
mately +2 Hz. Temperature tuning
is also possible. The three-layer

Microwave signal power (20 per/div)

Beat-note
frequency
(GHz2)

- 10.54900
10.53867
- 10.52833
10.51800
10.50767
10.49733
10.48700
10.47700
10.46667
10.45633

temperature regulation limits the
thermal drift rate of the FSR to
<1 mHz/s, but the cavity tempera-
ture can be varied to enable slow
tuning of a few hertz as well.

10.45

10.47

10.49 10.51 10.53 10.55

Frequency (GHz)

Figure 7. Ten RF spectra showing stepwise tunability of the PFS. The steps are equal to the
FSR of the cavity (10,290,487 + 80 Hz).
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Beat-note power (10 dB/div)
4.0 GHz
6.0 GHz
8.5 GHz
11.5 GHz

bl sl

15.0 GHz
19.0 GHz
23.5 GHz

s

27.5 GHz

-

Frequency (50 MHz/div)

Figure 8. Microwave spectra showing operation at 4.0, 6.0, 8.5, 11.5, 15.0, 19.0, 23.5, and
27.5 GHz. Reduced power at 27.5 GHz is an artifact of the rolloff of the photodiode response.

The PFS has been operated up to 100.0 GHz.

noise performance. Although the beat frequency f
is very close to double the modulation frequency, the
exact positions of the lasing lines and thus the exact

value of the beat frequency are all
determined by the positions of the
cavity resonances, as illustrated
in Fig. 2. As a result, the noise
of the beat note is not strongly
related to the noise on the modu-
lation drive frequency. Rather, the
noise is principally determined by
the cavity resonances and, ulti-
mately, by quantum noise of the
lasing modes.

We characterized rejection
of pump-frequency fluctuation
by varying the pump separation
(by tuning the modulation fre-
quency) while recording the beat-
note frequency and power. The
results are plotted in Fig. 9. If
the system simply replicated the
pump-frequency noise, the beat-
note frequency curve (blue) would
have a slope of one. The slope is
0.0164, indicating that the system
suppresses pump-frequency noise
by a factor of 61.0 (179 dB). The
beat-note power (red curve) is also
relatively insensitive to pump-fre-
quency variation. The full width
at half maximum of this curve is

460 kHz, comparable to that of
the cavity resonances, indicating
that the resonances are the prin-
cipal determinant of the beat-note
frequency and power. We note
that these results agree quali-
tatively with previous findings
for single-wavelength SBS fiber
lasers, namely that the transfer of
the pump-frequency and pump-
amplitude noise to the output is
strongly suppressed.48-1

Similarly, phase and frequency
noise of the original pump laser do
not affect the phase noise of the
RF beat note. The key enabler of
this feature is the cancellation of
common-mode noise; most of the
environmental noise that affects
the optical frequencies v, . and
v, o affects them in the same
way, so that these noise effects
cancel when the two frequencies

are differenced. The residual noise contributions from
the cavity fluctuations can be determined beginning
with the two optical frequencies given by Eq. 1,

N
I

quency shift (kHz)
N

Slope = 0.0164 (61X |suppression)

Relative beat-note power (6 dB/div)

= -
2
[}
B2 1
o
T
o}
m_4 |- -
— —> —
6 FWHM = 460 kHz (=FRR resonance width)
_8 | | | | | | |
—400 -300 —200 -100 0 100 200 300 400

Pump tone separation — 14,190,486 GHz (kHz)

Figure 9. Two measurements illustrating the PFS’s insensitivity to pump-frequency noise.

The blue trace shows that the beat-note frequency suppresses noise on the RF drive fre-

quency by a factor of 61. The red trace shows that beat-note power is weakly dependent on

the input frequency over a range commensurate with the width of the cavity resonances.

FWHM, full width at half maximum.
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where N 12 are (different) integers. The variation (noise)
of each optical frequency due to fluctuations in the FRR
is given by

vl out

oy A VESR

l Ollt)

The absolute variation in the optical frequency can be
significant, although it has been demonstrated that opti-
cal linewidths as narrow as 200 Hz can be obtained.!>>2
Moreover, the noise on the optical frequencies due to
variations in the FRR will be the same for both of the
two optical frequencies; therefore, the noise on the beat
frequency is

O gur = N18(Avpgr) — N, 8(Avegr) (10)
= (N —N;)d(Avggg)-

By substituting for the N, from Eq. 8, and using Eq. 9, we
can show that

8 (Avgsp)
Avgsg

0 (vi,out)

=Av
RE ™,

8fout = AvRF
(11)

i,out

Equation 11 illustrates that the residual fractional line-
width (i.e., 8f  /f.,) caused by cavity noise is equal to
the fractional linewidth of the optical frequency mode.
Using the 200-Hz optical linewidth mentioned above at
an optical frequency of 193 THz (1550-nm wavelength)
yields a fractional linewidth of ~1 X 10712, For opera-
tion at 10 GHz, this implies a residual RF linewidth of
10 mHz would be obtained. Indeed, our recent precision
phase noise measurements have yielded a linewidth of
3.2 mHz,> in rough agreement with this calculation.

Because the output frequency, f, ., is generated by
the beating of two laser modes, the phase noise prop-
erties are ultimately limited by the phase noise charac-
teristics—in the optical frequency domain—of the laser
modes. The quantum-limited variance of the frequency
is known as the Schawlow—Townes linewidth, Ave, and
is given by>*%

4'“' 'TRTP

out

AVST = (12)

where hv is the photon energy, 0 is a parameter referred
to as the spontaneous emission factor (~500 for the
cases to be considered here),’® { is the total round-trip
cavity loss, Ty is the output coupling from the resona-

A FIBER LASER PHOTONIC FREQUENCY SYNTHESIZER

tor, Tp is the round-trip transit time for the resonator,
and P is the laser output power. The dual-sideband
phase-noise spectrum corresponding to the linewidth
of Eq. 12 was obtained in Ref. 55. The corresponding
phase-noise spectrum, S cl)(f) expected for an electrical
signal obtained by beating two quantum-limited laser

modes together is

(13)

The phase noise of this synthesizer was character-
ized in Refs. 22 and 53. One key result is that the phase-
noise spectrum is nearly independent of the beat-note
frequency. This behavior contrasts starkly with tradi-
tional RF sources, in which the phase noise increases
with increasing output frequency at a rate of 6 dB per
octave. This result indicates that the phase noise is prin-
cipally determined by the noise properties of the lasing
modes and not technical noise sources in the resonator.
For millimeter-wave frequencies, this SBS-based PFS is
expected to offer phase-noise performance competitive
with that of high-quality commercial oscillators; at even
higher frequencies, the PFS is expected to offer superior
noise performance.

APPLICATIONS AND FUTURE DIRECTIONS

In this article, we have discussed a Brillouin-laser-
based photonic synthesizer of radio frequencies and
microwaves. We have shown that this source is capable
of producing discretely tunable frequencies up to tens
of gigahertz. Potential military and commercial appli-
cations for a narrow-linewidth, low-noise synthesizer
operating at demonstrated frequencies are manifold.
A particular advantage of the PFS is that the laser
output is already in optical fiber. The output can thus
be transmitted over great distances with extremely low
loss, using existing telecommunications technology, and
then converted to an electrical signal directly at the site
where the frequency is to be used. Our system is natu-
rally suited to applications where it is advantageous to
locate the master oscillator remotely from one or more
user locations, such as time and frequency distribution®’
and remoting of communications or sensor antennas.”®

One commercial application we are actively pursu-
ing is millimeter-wave fiber-radio communications.®24
Frequencies in the range of 55-65 GHz offer the broad
bandwidth required for high-data-rate links. This par-
ticular band is of interest for wideband personal-area
networks because oxygen absorption in the atmosphere
naturally limits the range. The limited range enables
cellular network architectures with spatial frequency
reuse analogous to current wireless networking stan-

dards in the 2.4-GHz band (e.g., WiFi/IEEE 802.11),
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but with vastly enhanced bandwidth. We have demon-
strated data transport up to 3 Gb/s over distances up
to =100 m, as described by Nanzer et al. elsewhere in
this issue.

We believe that operation at much higher frequen-
cies can be realized. In our current setup, the beat-note
frequency is limited by the RF oscillator, the amplitude
modulator, and the photodetector. We can eliminate
the oscillator and the modulator by using two separate
lasers to provide the two pump tones.!® These lasers can
be arbitrarily far apart in frequency; at least one must
be tunable in order to tune the beat note. The beat
frequency from the SBS modes would be expected to
have noise and stability properties comparable to what
has been demonstrated in this work because of the
common-cavity/common-mode noise-rejection mecha-
nisms described above. With dual-laser pumping, the
output frequency is limited only by the electrical band-
width of the photodiode. Detector technology is advanc-
ing steadily, with 100-GHz photodiodes commercially
available (e.g., from u’t Photonics AG of Berlin, Ger-
many) and >300-GHz devices demonstrated.” These
developments open up the prospect of using this tech-
nology for applications in the submillimeter-wave and
tetrahertz-frequency regimes. Frequencies from 90
to 400 GHz are of interest for communications links,
offering extremely high bandwidths for data-intensive
applications such as multisensory telepresence and
transmitting hyperspectral video. Certain frequency
bands in the millimeter-wave regime can propagate
through dust and other adverse atmospheric conditions;
however, for commercially available power levels, range
in the atmosphere is limited to 9000 m through clear air,
depending on wavelength.®° Rain and foliage reduce this
range considerably. Frequencies in this range allow very
small antennas, which are crucial for miniature UAVs
and microsatellites. Atmospheric absorption is absent
in outer space, so these frequency bands are especially
compelling for high-bandwidth intersatellite cross-links.

Other potential applications for a PFS exist in
research and development. One unique application is
distribution of the master oscillator in millimeter-wave
radio astronomy arrays. The Atacama Large Millimeter
Array uses fiber-optic distribution of the master oscilla-
tor to coherently phase the receivers in the individual
telescopes using a complex optical phase-locked loop.©!
The PFS would have advantages over the current meth-
ods, including simpler construction, superior phase
noise over a broad band of offset frequencies, and greater
frequency flexibility. Additionally, the PES offers ben-
efits in the field of precision terahertz spectroscopy by
extending the precision currently attainable at micro-
wave frequencies into the tetrahertz regime.%?

High-precision applications, such as spectroscopy
and navigation, would require long-term stabilization

to absolute physical references such as a molecular or
atomic absorption line. Acetylene and cyanide stan-
dards exist in the =1550-nm region where our system
operates,®»%* and a technique for high-precision stabili-
zation of a 1556-nm source to a PRb reference has been
demonstrated.®! Thus, this is a practical direction for
future research. We are pursuing multiple approaches for
attaining exceptionally low phase noise, with the objec-
tive of developing precision sources competitive with the
best available microwave oscillators.®>
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