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Optical Generation of a mHz-Linewidth Microwave
Signal Using Semiconductor Lasers and a
Discriminator-Aided Phase-Locked Loop

Zhencan F. Fan and Mario Dagena$&nior Member, IEEE

Abstract—A discriminator-aided optical phase-locked loop good frequency stability [6]. Semiconductor lasers are of
(OPLL) with significantly enhanced frequency acquisition special interest because of their compactness, their potential
capability is presented. Its pull-in range is measured to be 300 for integration, and their ability for high-speed modulation.

MHz and can be easily extended further. Two grating-tuned Th | te at diff t | ths—i i
external-cavity semiconductor lasers (ECSL's) were realized €y can also operate at different wavelengthS—in particu-

with more than 30-dB side-mode suppression ratio. These two lar, they can operate at 1.5sm, the wavelength at which
lasers were allowed to beat on a fast detector and were offsetthe optical fibers have the lowest loss coefficient. Although
phase locked. The generated microwave signal was found to be adispersion effect may introduce carrier-to-noise power penalty
replica of the reference RF signal close to the carrier. The noise 54 phase-noise increase, this is known not to be significant
level was measured to be-70 dBc/Hz close to the carrier and f d licati hich . | h .
less than —100 dBc/Hz at 4 MHz away and beyond from the Qr ra_ar applications whic rqu're only _S ort transmis
carrier. The total phase variance is 0.11 rad over a 500-MHz ~sion distances [12], [13]. Conventional semiconductor lasers
bandwidth. The linewidth full width at half maximum (FWHM) have linewidths of many megahertz or more. On the other
of the locked signal was directly measured to be of order 1 mHz. hand, loop time delay will introduce an extra phase delay
Index Terms—Microwave/millimeter wave, microwave genera- N the feedback signal of an OPLL, but the loop stability
tion, phase-locked loops, semiconductor lasers. requirements require that the frequency of the unity open-
loop gain not exceed the frequency of thel80° phase
crossover point of the open-loop transfer function. Thus, this
will limit the maximum achievable gain, and in turn, limit
PTICAL FIBER is a medium of inherently low transmis-the maximum closed-loop bandwidth, or equivalently, the
sion losses, large bandwidth, good immunity to interfefnaximum error function 3-dB bandwidth. Theoretical studies
ence, and at the same time, of small size and light weighfave shown that the maximum laser linewidth for realizable
These advantages make optical beamforming and steeringypbse locking is 7-8 MHz [14] for a modified first-order
phased array antenna at either microwave or millimeter-wajfp and 4-10 MHz for a broad-band second-order loop [15].
frequencies an interesting alternative to more conventiongide-band heterodyne OPLL’s have been reported. One used
approaches. One challenge facing this optical approach ispi@itiquantum well lasers having a combined linewidth of
optically generate a microwave (or millimeter-wave) carries MHz to achieve a total phase variance of 1.022r§gl.
with a well-controlled frequency and phase [1]-{3]. Opticathe other one used a high FM response current controlled
injection locking and offset optical phase locking of two lasefgscillator laser as the slave laser, and a combined linewidth
are two effective techniques to achieve this goal [4]-[10]. The§ 8 MHz to demonstrate a total phase variance of 0.04
optical phase-locking method, which utilizes an optical phasgz? [9]. Another broad-band OPLL based on a homodyne
locked loop (OPLL) to force the heterodyne signal to track th@chnique exhibited a total phase variance of 0.1%5 faé].
phase of the reference signal, has important advantages qygivever, it is well known that semiconductor lasers exhibit
the optical injection method since it requires less stringegt nonlinear frequency modulation response under current
optical coupling and offers frequency-tuning capability. injection at different frequencies—thermal effects dominate at
OPLL'’s were originally suggested for coherent optical comow frequencies and carrier effects dominate at frequencies
munication [11], and recently they were used to generadgound 10 MHz or higher. This effect, together with the
microwave and millimeter-wave carriers. Microwave signalSircuit component response, phase-detector limitation, and
of megahertz linewidth, SNR 70 dBc/Hz and frequency Upop delay time severely complicate the design of large band-
to 34 GHz have been demonstrated using diode-pumpgfith OPLL's. Another approach is to use narrow linewidth
Nd:YAG lasers, which inherently have narrow linewidths angdemiconductor lasers and utilize a narrow-band OPLL. Re-
. . . __cent developments of tunable single-mode lasers with an
Manuscript received December 11, 1996; revised May 2, 1997. This work, . . . .
was supported by the U.S. Army under the microelectronics cooperatiUétrmS'C linewidth of less than 1 MHz, such as for bulk
agreement under DAAL019 523 530. external-cavity semiconductor lasers (ECSL'’s), ECSL'’s with
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Fig. 1. Schematic of the experimental setup. A PZT is used in the frequency tracking loop and current injection is used in the second PLL.

However, these kinds of lasers have large frequency jitteand a millihertz-level microwave-signal linewidth is obtained
due to mechanical vibration and acoustical noise, especidity the heterodyne signal generated by two semiconductor
for applications such as on-satellite optical generation tHsers.

microwave signals and airborne radar applications. Although

the laser linewidths can be small, the initial heterodyne signal Il. EXPERIMENTAL SETUP

frequency might be far away from the reference RF signaI.Fig_ 1 shows the schematic diagram of the experimental

Thereforg, OPLL's with large frequeqcy acquisition Capat,)i”tgetup using the discriminator-aided OPLL. Two ECSL'’s built
are required. We note that OPLL’s with very large bandwidthggin commercial 830-nm GaAs double heterostructure laser
have also been demonstrated for large frequency acquifisges (Sharp/LTO1SMFO, with front- and back-facet reflec-
tion _[9]. However, this Iattgr a_pproaph will p_ut a St”nge”fivities R ~ 5% andR ~ 95%, respectively) are used as the
requirement on the loop circuit design as discussed earlighgier and slave lasers. Each laser has a holographic grating
and not take advantage of the narrow linewidth offered t_&SOO/mm) set at an angle between the Littrow and Littman
these lasers. Instead, if a simplified circuit can be buiynfiguration [21], with an extra mirror to retroreflect the light
for tracking the center frequency and obtaining the initiglyice on the grating for improving the grating dispersion. The
pull-in, a simpler PLL of moderate bandwidth can then bgrating is oriented such that its groove direction is parallel
used to further achieve phase-noise reduction, just as¥lthe active layer of the laser diode. A half-wave plate is
the case of the aided-acquisition design RF PLL [19]. liyserted between the lens and the grating. In this design, the
such a case, no special care needs to be taken in ordefair active region acts as a narrow spectrometer slit with
achieve extremely short propagation time or to match tiiggh wavelength selectivity. The elliptically shaped laser beam
FM response at different frequency ranges. In this paper, Wévers a large portion of the grating, and the dominant TE
present a discriminator-aided OPLL, which utilizes a delaymission from the laser diode is rotated by the half-wave
line microwave discriminator as the frequency acquisition logflate so that it is perpendicular to the grating grooves. In this
and a second PLL with a small bandwidth to achieve phasgay, maximum reflectivity from the grating is achieved [22].
noise reduction. This method was previously used to test tBeth lasers are operated at around 10% above the threshold.
pump-diode modulation of microchip Nd:YAG lasers [20]Each laser has a power output about 3 mW and both the
Here it is used in a much more demanding application. [isers lase in a single longitudinal mode with a side-mode
is used for improving the frequency-acquisition capability ansppression ratio better than 30 dB. Coarse tuning of the laser
phase locking of two grating-tuned ECSL'’s which have a muahkavelength was achieved by changing the diode temperature
larger frequency jitter. In our experiment, stable optical phased the grating angle so that both lasers can lase at almost the
locking is achieved, phase-noise reduction is demonstratedme wavelength to generate the beat signal. Fig. 2 shows the
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falls within the half of the free spectral range which includes
a quadrature point, the output of the discriminator can be
fedback negatively to the slave laser and be used to drive the
heterodyne signal to the quadrature point. Since a second-order
loop is used for the PLL, a first-order loop is appropriate for
this first loop [18]. A simple integrator without any lead zero is
used as the loop filter after the discriminator. The output after
the integrator is sent to the PZT to control the heterodyne-
frequency slow drift by adjusting the slave laser-cavity length.
The laser FM response is positive with an increase of the PZT
voltage. Thus, when a positive slope for the discriminator is
selected, the slave laser is negatively detuned with respect
to the master laser so that an overall negative feedback is
achieved and vice versa.

A second loop compares the heterodyne signal to a reference
RF signal tuned to the quadrature point of the discriminator.
®ffie error signal is passed through a first-order passive filter, of
which the transfer function i8'(s) = (s72+1)/(s(m14+72)+1)
with 71 = R;C 7o = R2C, ands is the Laplace variable.
beat signal spectrum of two free-running ECSL'’s. A PZT waghe control signal from the output of this filter is fedback to
attached to the slave laser mirror for adjusting the cavity lengthe slave laser-current driver, which amplifies the feedback
and fine tuning the laser frequency. The PZT and the injectiogpltage and transforms it to an output current to modulate the
current frequency-tuning coefficients were 50 MHz/V anthjection current. The transconductance is 100 mA/V. This
15 MHz/mA, respectively. The laser diode temperatures aiop has a second-order closed-loop response and it corrects
controlled by TE coolers to better than O.C. The whole the phase error after the first loop achieves the initial frequency
setup was built on a super-invar plate to reduce the temperataegjuisition.
drift and was enclosed in a Plexiglas box to reduce the air
flow. No temperature-controlled housing was used to achieve
further reduction of the mechanical instability. The linewidth Ill. RESULTS AND DISCUSSION

of the free-running heterodyne signal between the two laserspnce the heterodyne signal is tuned to the vicinity of the
was measured to be about 50 kHz for a sweep time @fiadrature point, the locking happens. By using the first loop
30 ms and the short-term jitter was measured to be abgiigne, the heterodyne signal is stably locked within a range
2 MHz for 1-s sweep time by an RF spectrum analyzegf |ess than 2 MHz, which is adequate for the second loop
The heterodyne-frequency long-term drift was 10 MHz/miRg phase lock the two lasers. It was observed that the long-
These short- and long-term jitters were due to mechanical a@¢m drift was fully controlled and the short-term jitter was
thermal instabilities. This was confirmed by measurement grtially reduced.
the jitter-noise frequency spectrum, which showed that mostrig. 3 shows the spectral shape of the heterodyne signal
of the jitter-noise energy had frequencies less than 2 kHz aflen both loops are turned on. This figure shows that the
was concentrated mainly around several hundred hertz. Tigase noise within the 3-dB bandwidth of the error-function
continuous tuning range of the ECSL'’s without mode hoppingsponse is drastically controlled and is effectively suppressed
was measured to be 150 MHz and more than 1 GHz for curref to a range of about 720 kHz around the center frequency
injection and PZT tuning, respectively. The external-cavityf the beat signal. The noise power spectrum is an important
longitudinal-mode spacing in the lasers is about 800 MHz, bifeasure of the quality of a microwave signal for applications
the residual reflectivity on the diode facet creates an internal communication [10]-[12] or for radar systems [23], [24].
cavity which broadens the PZT tuning range. The noise is measured to be70 dBc/Hz close to the car-

The two laser beams are attenuated and combined onr@, less than—-65 dBc/Hz at the side peaks, and less than
avalanche photodetector (APD). The output of the APD is100 dBc/Hz when it is measured 4 MHz away and beyond
amplified by ac-coupled amplifiers and then split into two partgom the carrier. The total phase variance is estimated by
and sent to two different control loops. The laser output powesing exp(—o?) = P,/ [P df [18]. The phase-noise power
is sufficient to permit the use of a p-i-n detector in place @ integrated numerically inside the 2-MHz spectral range and
the APD, if desired. estimated using a Lorentzian tail up 4250 MHz. This gives

A delay-line microwave discriminator has an output charagrtotal phase noise of 0.11 Padver a 500-MHz bandwidth. In
teristic aSSin(27r6f§—jl) ~ 6f§—jl, wheren is the diffraction our experiment, no special care is taken to increase the second
index, ¢ is the speed of lightyf is the difference betweenloop bandwidth. A commercial laser-diode driver fabricated
the input frequency and the quadrature pgiptandAl is the with low-speed operational amplifiers was used. The circuit
length difference between the two arms of the discriminatdrad only a 1-MHz bandwidth and an associated large time
The discriminator has a free spectral-rangg, which is 600 delay, therefore limiting the second loop bandwidth. It is
MHz for the one used in our experiment. Once the signakpected that the phase noise can be reduced further by using

Fig. 2. Beat-signal power spectrum of the free-running lasers showing m
than 30-dB side-mode suppression ratio.
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0 —— The pull-in range in this experiment was equal to a half of
the discriminator free spectral range, which was 300 MHz,
20 limited by the chosen discriminator length differencd.

If the length difference is made shorter, this range can be
further increased up to the limit set by the PZT continuous
tuning range, which is more than 1 GHz. This greatly relaxes
the bandwidth requirement on the second PLL, and indeed,
makes it possible for the second PLL with a bandwidth below
M 1 MHz to successfully phase lock the two ECSL’s with large
-80 frequency jitter. Different quadrature points can be used to

lock the lasers. In different experiments, the lasers were offset

dBc/Hz

-100 locked to two different quadrature points at frequencies of
7150 7155 7160 7165 7.0 716 MHz and 1.31 GHz. Other quadrature points can be used
as well. The exact frequency locking point can be tuned by

MHz changing the frequency locking-loop offset voltage so that

Fig. 3. Power spectrum of the heterodyne signal with both loops closdite center frequency of the frequency loop overlaps with the
v_ertic_al scale is 10 dB/div and horizontal scale is 200 kHz/div. Total swegqference signal.
time is 5 s. . . . .
Directly related to the increase of the pull-in range is a
reduction of the pull-in time. A second-order PLL with band-
width wrp has a pull-in timet, = 4.2(6f)?/(wLs)®, Where
6 f is the initial frequency separation between the heterodyne
signal and the reference signal [14]. For a narrow bandwidth
PLL and whenéf is large, it would take a significantly long
time for the loop to achieve the initial pull-in. It is important
to realize that a discriminator output is directly proportional to
the initial frequency separation, in a similar way to an optical
; "'""'... ; frequency detector used for automatic frequency control (AFC)
_.!“" . in coherent optical detection [25]. The pull-in process is very
‘M Wﬁ' fast and is limited only by the loop delay and the slave
= e laser response, which was estimated to be of the order of
i L e e milliseconds in our experiment, largely determined by the
. PZT response. This frequency loop, if combined with a fast-
tuning DFB laser, could be used as a fast frequency-switching
technique.
Fig. 4. Detailed spectral shape of the phase-locked heterodyne signal: verti—The laser diodes used in our experiments have front-facet
cal scale is 10 dB/div and horizontal scale is 80 mHz/div. Total sweep tinfeflectivity of 5%. If angled-facet laser diodes are used, an
is 16.7 min and resolution bandwidth is 1 mHz. ultra-low reflectivity can be achieved and a 50-dB side-mode
suppression ratio has recently been realized [26]. This will
a larger bandwidth design. Another important aspect of ferther help the phase-noise reduction. In our experiment, only
microwave Signa| used for a radar system, especia"y foraa'Sing|e detector was used. This |mp||es that when the laser is
Doppler radar system, is the carrier linewidth, because this wilodulated using current injection, the amplitude is slightly
determine the measurement resolution of such a system [Z8jered as well. This will induce an error in the feedback
[24]. It has previously been assumed that the linewidth of tt&gnal and thus limit the phase-noise reduction. If a differential
locked carrier signal will be similar to that of the referencéletector pair is used, this kind of intensity-induced error can
signal [8]-[10], but such a direct measurement has not y& €liminated.
been done on a PLL system using semiconductor lasers. InThe work presented here was done at 830 nm, but it can be
our experiment, since the RF power-spectrum analyzer Hasily extended to 1.3 or 1.5im. In future work, miniature
a minimum resolution bandwidth of 10 Hz, a second sign&iCSL’s with fiber grating and ECSL’s with micromachined
generator is used to mix the generated microwave signal dofrors can be used. If they are combined with the large
to 50 kHz and a high-resolution HP3562A dynamic-signdlequency acquisition and the good phase-noise reduction
analyzer is used to measure the very narrow locked-sig@pability of the discriminator-aided OPLL presented here,
linewidth. These two signal generators are phase locked to the&imple, robust, and inexpensive optical microwave-signal
same 10-MHz time base to get rid of their relative frequend@eneration system can be realized.
drift. Fig. 4 shows that the full width at half maximum
(FWHM) linewidth of the locked signal is not more than the
resolution bandwidth of the measurement, which is 1 mHz.
This verifies that the PLL can track the RF reference signal toA discriminator-aided OPLL was demonstrated using
better than 1 mHz when using semiconductor lasers. grating-tuned ECSL's. A pull-in range of 300 MHz was
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achieved and two grating-tuned ECSL’s with large drifti6] M. Kourogi, C. Shin, and M. Ohtsu, “A 134-MHz bandwidth homodyne
were successfully phase locked. A total phase variance of optical phase-locked-loop of semiconductor laser diod&EE Photon.

8 . idth hi Technol. Lett.vol. 3, pp. 270-272, Mar. 1991.
0.11 rad was (_)t_:)talned over a 5_09'MHZ bandW'dt . Thi$17] 3. Harrison and A. Mooradian, “Linewidth and offset frequency locking
experiment verifies that a discriminator-aided OPLL can of external cavity GaAlAs lasers/EEE J. Quantum Electronvol. 25,
i nifi ; faiti e pp. 1152-1155, June 1989.
significantly improve J_[he frequency acquisition capabilit 18] M. Prevedelli, T. Freegarde, and T. W. Hansch, “Phase locking of
of a moderate bandwidth PLL. The results also show that™ grating-tuned diode lasers&ppl. Phys. vol. B 60, pp. 241-248, 1995.
microwave signals of millihertz-level linewidth with good[19] Fé '\g- Gardner,Phase Lock Techniquegnd ed. New York: Wiley,

. . . . 1979.

pha§e-n0|se suppre;‘smn can be aChleve_d l.JSIng Qﬁset pr[@ae\]. A. Keszenheimer, E. J. Balboni, and J. J. Zayhowski, “Phase locking
locking of two semiconductor lasers. This is an important =~ of 1.324:m microchip lasers through the use of pump-diode modula-
step toward the practical realization of optically generate[(zzll]

tion,” Opt. Lett, vol. 17, no. 9, pp. 649-651, 1992.
. - . T. Day, M. Brownell, and I.-F. Wu, “Widely tunable external cav-
microwave/millimeter-wave signals.

ity diode lasers,” inProc. Laser Frequency Stabilization and Noise
Reduction SPIE, San Jose, CA, Feb. 1995, vol. 2378, pp. 35-41.

[22] H. Lotem, Z. Pan, and M. Dagenais, “Tunable external cavity diode
laser that incorporates a polization half-wave plafgpl. Opt, vol. 31,

The authors would like to thank P. Heim and C. C. Ly, No: 36, pp. 7530-7532, 1992. . ,
3] R. S. Raven, “Requirements for master oscillators for coherent radar,

for useful technical discussions. The loan of the RF signal” proc. IEEE vol. 54, pp. 237-243, Feb. 1966.
generators by W. Cao is gratefully acknowledged. [24] D. B. Leeson and G. F. Johnson, “Short term stability for a Doppler
radar: Requirements, measurements and technigiesc. IEEE vol.
54, no. 2, pp. 244-248, Feb. 1966.
[25] S. Baba and S. Ohshima, “A new automatic frequency-control method
for fast frequency switching of a coherent optical receivdEEE
Photon. Technol. Lettvol. 8, pp. 1097-1099, Aug. 1996.
[26] Z. F. Fan, P. Heim, K. Nam, S. H. Cho, M. Dagenais, and F. Johnson,
“Tunable external cavity semiconductor lasers with 50-dB side mode
suppression ratio,” iCLEO’97, to be published.
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