
Effects of optical feedback with dispersive loss on the amplitude
noise and relaxation resonance of semiconductor lasers

J. Kitching, R. Boyd and A. Yariv

Department of Applied Physics, California Institute of Technology,
128-95, Pasadena, CA 91125

Y. Shevy

Department of Physics, University of Miami,
CoralGables, FL 33134

Abstract

Optical feedback from an external cavity containing an element of dispersive loss was used to reduce
the amplitude noise of a semiconductor laser. At feedback levels of Pfb/P0t 1O_2, a maximum
amplitude noise reduction of 16 dB was measured close to threshold but the potiential for reduction
was reduced considerably at higher injection currents as the laser noise approached the shot noise limit.
In addition, the threshold current decreased and the linewidth was reduced to 10 kllz. The relaxation
oscillation peak in the amplitude noise spectrum was also found to be dramatically suppressed and we find
evidence that the relaxation resonance can be moved to much higher frequencies using optical feedback
techniques.

1 INTRODUCTION

Optical feedback has long been known to dramatically modify the noise and dynamic properties of
semiconductor lasers18. The prospect of using optical feedback techniques to narrow the laser linewidth,
reduce the amplitude noise and improve the modulation response has resulted in considerable theoretical
and experimental effort to determine optimum feedback conditions. Linewidth reduction is one area in which
significant strides have been made using optical feedback. Reduction of the laser linewidth by several orders of
magnitude9" is possible using weak feedback from a strongly dispersive element such as an external Fabry-
Perot cavity or an atomic transition. It has also been predicted that the relaxation oscillation frequency and
damping rate can be significantly modified by optical feedback2.

In contrast to the situation with linewidth reduction, the effects of optical feedback on the semiconductor
laser amplitude noise spectrum have received relatively little attention. Theoretical investigations have
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predicted reductions in the amplitude noise by as much as 16 dB over a broad frequency range4"2 but such
predictions have not yet received conclusive experimental verification. Although low frequency amplitude
noise reduction by as much as 12 dB has been observed under feedback conditions'3'9 , there has been
no extensive experimental investigation made, to our knowledge, into the behaviour of and limits to this
reduction. This is especially true for the quantum aspects of semiconductor laser amplitude noise'4'15 and
the possibility of producing enhanced squeezing through a combination of pump suppression and opticaI
feedback'6.

In this paper we investigate the effects of strong (Pfb/P0t 1O_2) optical feedback on the amplitude
noise spectrum of a semiconductor laser. Specifically, we examine its dependence on frequency, pump rate
and feedback parameters. Finally, we present results on the effects of optical feedback on the relaxation
oscillation frequency.

2 EXPERIMENT

The experimental setup, shown in Figure 1, has been described previously". A single-mode GaAs
semiconductor laser (STC LT5OA-03U) lasing at 852 nm and with a threshold current of 51.4 mA was
coupled to an external cavity formed by the laser front facet and an end mirror 40 cm away.

Faraday
Transmission
Signal

Figure 1: Experimental setup: LD, laser diode; L, lens; PBS, polarizing beamsplit-
ter; P, polarizor; ND, neutral density filter; M, mirror; D, detector; A, amplifier;
PZT, piezoelectric transducer.

The laser output beam was collimated using an AR coated microscope objective lens and then passed
through a polarizing-beamsplitter/half-wave-plate/polarizing-beamsplitter combination which reflected 50%
of the incident power out of the cavity for detection. The remaining transmitted field was then passed through

D1j Feedback
Monitor
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Figure 2: Faraday transmission signal obtained by scanning the laser injection cur-
rent. Trace A is for the laser with no feedback and shows the simple Cs Faraday
spectrum. Trace B is with a feedback power of 2.2 x 1O2P0t.

a cell containing Cs vapor placed between two crossed polarizers. The Cs was heated to approximately 95°C
and an axial magnetic field was applied, allowing transmission through the polarizers via Faraday rotation
when the laser was tuned to the Cs D2 transition17. This transmitted portion of the beam was reflected by
the end mirror back into the laser. The feedback power and phase were controlled using a neutral density
filter placed in the beam path and a PZT on which the end mirror was mounted. All of the optics used in
the cavity were AR coated and angled slightly to avoid spurious optical feedback.

The laser frequency could be tuned to the Cs line by carefully controlling the laser temperature and
current. Long term temperature stability of better than 1 mK was acheived using servo electronics18 and
Peltier coolers attached to the laser mount. The injection current was controlled using a home-built precision
current source19 with a long term stability of about 1 jA. With this degree of temperature and current
control, highly dispersive and wavelength-selective optical feedback could be precisely applied to the laser.

The laser amplitude noise was measured using direct detection with a small-area, high speed PIN photo-
diode (Ortel PDO5O-OM). The output from the external cavity was passed through a pair ofoptical isolators
which provided 60 dB of isolation. The beam was then focussed onto the detector and the resulting signal
amplified with an RF amplifier and measured with an electronic spectrum analyzer.

When a magnetic field of about 500 Gauss was applied to the Cs, a feedback power of about 2 x 1O2P0
could be reflected back into the laser. Under these conditions, the laser operated in a stable, narrow-
linewidth mode with a somewhat lower threshold current (due to the strong feedback), improved side-
mode suppression and considerably reduced amplitude noise. If the feedback power was reduced below
lO2P0, the laser linewidth broadened and the amplitude noise increased considerably indicating the onset
of coherence collapse.

The locking behavior of the laser is shown in Figure 2. The laser current was scanned and the Faraday
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transmission signal was measured at D2 in Figure 1. Trace A is taken with the feedback from the end mirror
blocked. The spectrum consists of the two Cs transitions at this wavelength (6s1,2(F 3) —+ 6p312(F 4)
and 6s112(F = 4) — 6p312(F = 5)), each split into a double-peaked structure due to the strong absorbtion at
the line center17. Since the frequency difference between the two transitions above is 9.2 GHz, the frequency
change of the laser with injection current can be deduced from trace A to be 3 GHz/mA. Trace B shows the
transmission spectrum with a feedback power of 2.2 x 1O2P0. The laser locked only to the strongest of
the four Faraday transmission lines (indicated by an arrow in Figure 2) and had a typical locking range of
around 10 GHz.

The laser LI curve, taken under feedback conditions at the peak of the scan in Figure 2, is compared
with the free-running LI curve in Figure 3. It can be seen that the threshold current was reduced from
51.4 n-iA to 44.9 mA while the external quantum efficiency remained roughly the same. Changing the phase
of the feedback did alter the output power somewhat at a fixed injection current, but at no time was the
output power observed to go below that of the free-running case which would have indicated an increase in
the threshold current. The laser linewidth was also measured using a delayed self-heterodyne system with
a 5 km fiber. A typical linewidth at an injection current of 56.5 mA is shown in Figure 4 and was found
to be reduced by a roughly factor of 2000 to 10 kllz, consistent with previously published results with this
system".
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The resulting amplitude noise spectrum at two different injection currents is shown in Figure 5. Trace A
shows the detector photocurrent noise power of the free-running laser while trace B shows the noise under
feedback conditions at the same injection current. Since the output power was observed to increase when the
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Figure 3: The LI curve of the laser both with
and without feedback. The threshold current is
reduced by 6.5 mA under feedback conditions
due to the modified coupled cavity loss rate.
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Figure 4: Linewidth of the laser under feedback
conditions. The FWHM is 10 kllz
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feedback was applied, trace C was taken at the same output power as B (and at a higher injection current)
to verify that the reduced noise was not exclusively a result of the increased output power. At low injection
currents, 16 dB reduction in the low frequency amplitude noise is observed. In addition, the relaxation
resonance peak is seen to be completely suppressed, a feature observed at all injection currents for which the
measurement was made. At higher injection currents (Figure 5b), the free running laser noise approached
the shot noise limit and noise reduction due to feedback was considerably smaller.

Accompanying the suppression of the relaxation oscillation at low frequencies was the appearance of
a strong high frequency peak in the amplitude noise spectrum. Figure 6 shows the laser amplitude noise
spectrum over a frequency range of 0-20 GHz, both with and without feedback. The low frequency part
of the figure shows the suppression of the relaxation oscillation at its usual frequency as described above.
The high frequency part shows a strong new peak which occured under feedback conditions. This peak
position was observed to vary over the range 3-22 GHz depending on the phase and strength of the feedback
and occured over a wide range of injection currents. Although it is not well understood at present, this
result is in qualitative agreement with predictions of the relaxation oscillation behaviour under feedback2
and it therefore may be an indication that the laser relaxation oscillation frequency can be increased with
the application of strong optical feedback. Further investigation is required, however, to determine such
characteristics as the modulation response of this coupled cavity system.
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Figure 5: Photocurrent noise power of the detector indicating the laser amplitude
noise: (a) L 55rnA and (b) L 85mA. Trace A is for the free running laser,
trace B for the laser under feedback at the same injection current as A and trace C
is for the laser free running but with the same output power as B.
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Figure 6: Amplitude noise spectrum from 0-20 GHz of the laser both without
feedback and under strong feedback conditions. The low-frequency protion shows
a suppression of the relaxation oscillation while at a frequency of 18 GHz a strong
peak appears when the feedback is applied.

3 CONCLUSION

The effects of optical feedback on the amplitude noise spectrum of a semiconductor laser have been
examined experimentally. The feedback was implemented using Faraday rotation in Cs vapor which provided
a dispersive, wavelength-selective filter to which the laser was locked. It is found that with feedback powers
of � 1O2P0,, the laser oscillated in a stable, narrow linewidth mode with a somewhat reduced threshold
current from the free running laser. The amplitude noise spectrum of the laser was measured under these
conditions using direct detection in a photodiode and an RF spectrum analyzer. It is found that a reduction
in the amplitude noise by 16 dB is possible at injection currents close to threshold. At higher injection
currents, this reduction decreases as the laser noise approaches the shot noise limit. We have also observed
a dramatic reduction of the relaxation resonance peak at its usual frequency of 1GHz. Accompanying
this reduction is the appearance of a peak at a much higher frequency, indicating the possibility that the
relaxation oscillation frequency has been considerably enhanced.
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