Kent Academic Repository
Full text document (pdf)

Citation for published version
Shen, Pengbo and Gomes, Nathan J. and Davies, Phil A. and Shillue, B. (2007) Generation of

2 THz Span Optical Comb in a Tunable Fiber Ring Based Optical Frequency Comb Generator.
In: IEEE International Topical Meeting on Microwave Photonics, MWP 2007.

DOI

Link to record in KAR
https://kar.kent.ac.uk/6124/

Document Version
UNSPECIFIED

Copyright & reuse

Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all
content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions
for further reuse of content should be sought from the publisher, author or other copyright holder.

Versions of research

The version in the Kent Academic Repository may differ from the final published version.

Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the
published version of record.

Enquiries
For any further enquiries regarding the licence status of this document, please contact:
researchsupport@kent.ac.uk

If you believe this document infringes copyright then please contact the KAR admin team with the take-down
information provided at http://kar.kent.ac.uk/contact.html

KAR =

Kent Academic Repository



Generation of 2 THz Span Optical Comb
In a Tunable Fiber Ring Based
Optical Frequency Comb Generator

P. Shen, N. J. Gomes and P. A. Davies W. P. Shillue
Department of Electronics National Radio Astronomy Observatory
University of Kent, Canterbury, Kent, CT2 7NT, UK 1180 Boxwood Estates Rd, Charlottesville, VA, 22903, USA
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Abstract— The generation of a 2 THz span optical comb, defined transmittance can be improved to over 1. Furthermore, the
within a 10 dB power envelope and consisting of 200 optical relatively long cavity results in flexibility in the comb line
comb lines, all stronger than 20 dBm without amplification, is  spacing with a resolution of few MHz [2, 4]. The problems
reported. The effective transmittance of the generator is 11.5 with this type of OFCG are the difficulties in the management
dB. The comb line spacing can be adjusted with a stepof the comb line powers, in the maintaining of the optical
frequency that equals an intger multiple of 12.500 MHz while resonance, and in the maintaining of stability over time against
maintaining the comb profile. High coherence between the comb 4 hient temperature changes and wavelengths drift of the
lines is achieved, with the beasignal between the comb lines ofarance Jaser. Previous work has generated an optical comb
having a noise level of -92 dBc/Hz at 1 kHz offset, and phasegqaring up to 1.8 THz, and containing about 100 comb lines
noise of -130 dBc/Hz at IMHz offset. in a 40 dB power envelope with reference to a linewidth
broadened external cavity laser [8]. In this paper, we report an
I INTRODUCTION OFCG that produces tunable optical combs with much flatter
The optical frequency comb generator (OFCG) is a unigRecfile in a wider span, while the system is referenced to a
device that produces multiple, equally spaced optical com@rrow linewidth laser, and achieves a transmittance over 10.
lines in the spectral domain. Its capability for locking the
comb lines to a stabilized reference laser, and the high Il.  EXPERIMENTAL SETUP
coherence between comb lines has attracted much interestrig. 1 illustrates the setup of the fiber ring based OFCG.
such as in optical frequency measurements, radio over fibgfie system consists mainly of a fiber loop, including an
ultra-dense wavelength-division-multiplexing systems, phagsgbium Doped Fiber Amplifier (EDFA) and an optical phase

array antennas, and millimeter-wave to THz LO generatigfodulator. A 16 nm thin film filter (centered at 1551 nm) is
and imaging [1-4].

While the bulk-optics OFCG [5] is capable of producing o8
optical combs with an equilateral triangle spectral profile an
with the comb span up to a few THz, the low transmittance ==
such a device requires a strong reference laser and results Fiber
very low power in the individual comb lines.  The weoue| Srevher LSt
transmittance, measured by the total optical power of th conol2 |
comb against the reference optical power, can be improved
a coupled cavity configuration, resulting in an improvemer
from 0.3% to 16 % [6]. The limited cavity length in such
devices also results in a very coarse tunability, i.e. a few Gt
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in the comb line spacing, unless the cavity length i #— OOO # -
continuously adjusted to match the resonance while the tuni tasermput Pcz o §OFCG
is performed. Optical Frequency Comb Generator Output

X Fibre Splicing Fiber e Control Signal
The fiber ring based OFCG [7] overcomes thes — ® FoPeeorreapecomeaor
difficulties. Because of the gain within the loop, the
Figure 1. Fibre ring based opticatfuency comb generator with error
correction loop
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incorporated at the output of the EDFA to remove the gei~
peak around 1530 nm. A polarization controller is employ:
to match the polarization of the circulating light to th
principal axis of the optical phase modulator. Optici e
resonance error is resolved by the homodyne detection of

amplitude of the fundamental beat signal of the optical con oo
This error signal is processed and fed into a low polarizati
change fiber stretcher embedded inside the loop, as show ~000>

Fig.1. An in-house designed manually adjustable optic

delay line which features low polarization change over i “aun

range is inserted into the loop to allow fine tuning of tr

cavity length so that the free spectral range (FSR) of the r o
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IIl.  EXPERIMENTAL RESULTS Figure 2. The system operating as a mode locked laser when RF
modulation is applied
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A. Optical Comb Generation

When the EDFA is pumped to overcome the insertion losfectrum may appear to have just one peak. These sets of
the ring cavity begins to oscillate, acting as a multimodeodes are interleaved at a frequency that equals the FSR of
single- or multi-wavelength fiber laser with a mode spacing tife cavity, i.e. 12.5 MHz. There is no particular set of optical
12.5 MHz. The oscillation peak(s) can be at any wavelengtiodes that can stably dominate the spectrum over time. The
since the gain profile is very flat. Mode jumps occur fromptical spectrum can appear smooth for each of the
time to time, due to small disturbances and ambientivelength peaks as the OSA can not resolve the closely
temperature changes. spaced optical modes. This indicates that this type of operation

When an RF reference, which has a frequency that equ'algm the most suitable for use as an optical comb generator.

an integer multiple of the 12.5 MHz FSR is applied, the laser The injection of an optical reference light reinforces one or
becomes mode locked. Fig. 2 shows the mode locked opteeteral sets of the locked modes. As a result, they will
spectrum when a 10 GHz modulation is applied. Dependidgminate the optical spectrum and suppress the remaining
on the exact microwave resonance condition and thedes by lowering the round-trip gain through the saturation
polarization settings, the mode locked spectrum may containthe optical amplifier. The dominance of the sets of the
one or a multiple number of peaks. Due to the fact that tm@des will remain until the optical phase resonance condition
cavity lacks mode selection of the densely populated opticalost due to drifts of either the cavity length or the reference
resonance modes, multiple sets of the locked optical modkeser frequency. In the case of a reference laser with linewidth
will be supported simultaneously, even though the opticauch broader than the FSR of the OFCG, there will be
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Figure 3. Optical comb with over 2 Erspan within 10 dB power envelope
Inserted are the details of the optical spectra at different wavelengths. The comb spacing is 10 GHz and there are more

than 200 comb lines within a 10 dB power envelope. The spectrumis measured after a 3 dB optical coupler with an
insertion loss of 4 dB.



multiple sets of the optical modes being supportdthrder, achieving a flatter profile by eliminating the gain peak.
simultaneously. In this case [8], the OFCG operates adlse minimum comb line power within the 2 THz span is -20
multi-mode injection locked mode-locked laser. The drif@dBm. There is no drop out of any particular comb lines (no
will cause slight power redistribution among the neighboringissing lines), except at the reference wavelength, which in
sets of modes, but the optical resonance condition holds allr@ny applications it is desired to remove or suppress [10]
the time. Limited by the optical spectrum resolution, a comanyway. A slight imbalance in longer wavelength and shorter
like optical spectrum can be maintained, with each of theavelength sides of the optical comb can be attributed to the
optical comb “lines” containing a number of cavity mode$our wave mixing and a small gain slope in the round-trip
suffering small fluctuations due to power redistributiotransmittance. It is observed that the OFCG stays locked to
between them. the same optical mode stably over hours in the laboratory once

. . . the locking is achieved, maintaining the profile of the comb
However, in the case of a narrow linewidth reference Iasﬁﬁtil the range of the fiber stretcher runs out

the drifts will cause the optical spectrum to change
dramatically. This is because the loss of the optical resonancdt has also been verified that the same OFCG can be
of the only set of dominant modes will encourage free-runnitacked to different reference lasers at different wavelengths.
oscillation at other frequencies to occur. Furthermore, tRer instance by replacing the 1550 nm laser by an 1556 nm
long cavity results in much more densely populated cavigser, an optical comb centered at 1556.2 nm is generated,
modes, making the cavity more sensitive to the wavelengtith the comb being cut off around 1559 nm due to the filter.
drift of the reference laser and to the ambient temperature drift
Therefore, an optical resonance error correction circuit has
be employed in this case to track any drifting.

RL -10. 0dBm 10dB/ 10. 0025GHz

When such an error correction loop is switched on, an ul -
flat comb can be produced, as shown in Fig.3. In tf D e T
measurement, the OFCG is locked to an optical reference
1550 nm with an optical power level of 0.5 mW. A 10.00
000 GHz RF reference with a power level of 6.3 dBm
applied as the microwave reference, locking to the™80
harmonic of the cavity modes. With a 510 mA EDFA pum
current, the total OFCG output power reaches 8.5 dB
achieving a transmittance of 11.5 dB. The optical power ENTER o 0% L sokke
distributed into more than 200 optical comb lines in a
wavelength span exceeding 16 nm. Within the 3 dB pow e e e
envelope, there are more than 100 comb lines in a s
exceeding one THz. Fig.4 depicts the close-in view of t we | A
optical comb in a span from 1550 nm to 1556 nm, showing [
power slope of 2 dB. Cleary all the power is rather focused |
a band of 2 THz, with similar power levels among the con
lines. The sharp roll off of the optical comb at the edges of t
comb is due to the bandwidth of the thin film filter. This filte
not only contributes to the concentration of the power into t
central 2THz band, but also allows the OFCG to be pumg
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P H7 b fen Figure 5 RF spectra of the peat signal'f'rom the system under different
operational conditions
Figure 4. Flatness of the optical comb. . . .
a: asa free-running laser without RF and optical reference; b: asa
] o mode locked laser, (the corresponding optical spectrumisin Fig. 2); c:
The comb lines have similar power level over a range of 6 nmand there asan optical comb generator with an optical referencelight level of -3
isno drop out in the comb lines. dBm (the corresponding optical spectrumisin Fig. 3)



Moreover, when the comb line spacing is being adjusted, the IV. CONCLUSION

comb profile will be roughly maintained [9]. Comb line In this paper, a very flat optical comb with a span of 2 THz

spacing adjustment from 6 GHz to 12 GHz has be : : .
performed, without the need for any fine tuning to the Syst(i§demonstrated for a fiber ring based optical frequency comb

. . : nerator. The system is capable of locking to a narrow
The resolution Of. the_ su_pported comb line spacing freque ewidth reference laser. The demonstrated system has a
Is 12.5 MHz, which is fixed once thg comb IS locked. Tk[? nsmittance of 11.5 dB and therefore requires a power level
time required for the. comb line adjustment is less the.m0 only 0.5 mW from the optical reference, producing
second. Stable operation over hours can be achieved while fligiyely strong comb lines of greater than -20 dBm per comb
comb line spacing is being adjusted. line across the 2 THz span. Stable operation is achieved over
B. Coherence between the Comb Lines hours _and the comb line spacing can be switched With a
o . _. resolution of 12.5 MHz over an octave. The generated optical
The cohgrence of the comb line is demonstrated in Fig.cémb has suppressed residual cavity modes, resulting in a
For comparison, the spectra of the beat signal from the sys'gﬁ@e mode in each of the comb lines. A phase noise of -130
running as a free running laser (a), as a mode locked (b) and@&/Hz is achieved at 1 MHz offset, and a 1/f noise with a
the comb generator (c) are all presented. Clearly, while {8ge| of -92 dBc/Hz is achieved at 1 kHz offset.
mode locked operation can suppress some of the cavity modes,
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Figure 6 Close-in view of the typtical fundamental beat signal (a) and its
phase noise (b)




