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Linewidth Determination from Self-Heterodyne Measurements with
Subcoherence Delay Times
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Abstract—The behavior of the power spectrum of an external cavity
semiconductor laser has been studied using a delayed self-heterodyne
interferometric technique that uses delay times less than the laser’s
¢oherence time. Experimental results show that the resulting power
spectrum is consistent with the theoretical model. However, there is
evidence that additional frequency fluctuations are present that cause
the delta function portion of the power spectrum to have a finite width,

ITH the current interest in coherent systems for op-
tical communications, much effort is being directed
toward the development of narrow linewidth semiconduc-
tor lasers. By using external cavity configurations, line-
widths of less than 20-kHz have been reported [1], [2].
Accurate measurements of these narrowed spectral line-
widths are required to characterize system performance.
Several methods have been used for diode laser linewidth
determination [1]-[9]. The most common method, which
uses a Fabry-Perot interferometer, has insufficient reso-
lution to measure these narrowed linewidths. The delayed
self-heterodyne technique first proposed by Okoshi et al.
[9] offers the highest resolution, but requires that the de-
lay time be much longer than the laser’s coherence time.
In this letter, we report the experimental results of a
high-resolution linewidth measurement (full width at half
maximum) which uses delay times significantly less than
the laser’s coherence time. The modified Mach-Zehnder
interferometer is illustrated in Fig. 1. The external cavity
laser was composed of an RCA CDH-LOC diode laser (A
= (.82 um), a collimating objective, an 80 percent re-
flective output coupler, and a .25 mm etalon. The front
facet of the diode was anti-reflection coated and the rear
facet was coated for high reflectivity. This external cavity
configuration produced a narrow-line source with which
we could evaluate this interferometric technique. Calcu-
lations from theory [5] predict that this particular external
cavity laser should have a subkilohertz linewidth.
The output from this laser was directed through an op-
tical isolator into the interferometer. Immediately follow-
ing the isolator, the beam was split into two paths by a
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Fig. 1. Experimental arrangement.

50/50 beamsplitter. A portion of one beam was constantly
monitored with a scanning Fabry-Perot interferometer to
ensure that the laser was operating in a single, stable lon-
gitudinal mode. The remainder of the beam was delayed
by interchangeable lengths of single-mode optical fiber.
The other beam was directed through an acoustooptic
modulator operating at 54 MHz. The first-order deflected
beam was focused into a short length (1 m) of fiber to
ensure that the phase fronts of the two recombined beams
would be well matched at the detector. The two beams
were then recombined by a beamsplitter and directed into
a photomultiplier tube. The resulting beat signal was dis-
played on an HP8568A spectrum analyzer and stored on
an HP9826 computer.

Briefly reviewing the interferometric theory [10], [11],
the total electric field incident on the detector E,(f) is
found by summing the electric field from each arm of the
interferometer:

E (D) = VP cos (wot + 6(1) + VP, cos ((wo + D)
-1+ o0 — 7)) (1)

where P is the laser’s output power, wy is the laser fre-
quency, 7 is the time delay of one path with respect to the
other path, and @ is the offset frequency. The total de-
tected intensity is then given by
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Fig. 2. Computer simulation of the power spectrum S(w, 7} as a function
of | 7| /7. where (a) |7|/7, = 1.25, (b) | 7|/7, = 2.5, (&) | 7| /7. = 3.0,
(d) | 7| /7. = 30.0. Arbitrary logarithmic amplitude.

() = Py + Pgcos [—Qt + (g + Q)7
+ oM — ot — 1] (2)

The resulting autocorrelation function v (67, 7) is then
found to be

. v (7, T) = %Pﬁ cos (67) {cos (Ap (67, 0)

— Ag(d7 — 7, T))) (3

where A¢ (2, &) = ¢ (' + t;) — ¢ (¢’ + 1), the phase
difference between times #, and #,. Since the phase jitter
is assumed to have a Gaussian distribution, the relation-
ship (cos x) = e~ %2 can be used to simplify the expres-
sion for +y (67, 7). In addition, the phase correlation of the
recombined beams can be written as
2 [71

([¢() = ¢t = D] = — “4)
where 7, is the coherence time. Then, with further manip-
ulation, the autocorrelation function may ultimately be
expressed as

1

y(61. 7) = - Pie” 1" cos (Q67)

1
- exp l:_T—(aT_ |T|)j|* (5)

Using the Wiener-Khintchine theorem and performing the
integration, we arrive at the following expression for
power spectral density:

1
2 1 = 7|/

1+ (w_-l_-ﬂ)zf‘:?[ o e

sin (w + Q) ]T[B

(0 £ W7,

Py,

S(w, 7) =

‘l-cos(wiﬂ) 7] +

]. FA
+ EP%re_lfl’“’ §(w + ). 6)

This equation indicates that as the delay time increases,
the signal strength shifts from the delta function peak to
the modified Lorentzian pedestal until the power spectrum
becomes strictly Lorentzian. This true Lorentzian corre-
sponds to the delay time when the phases of the optical
field have become totally decorrelated. In addition, as the
delay time increases, oscillations appear in the wings of
the power spectrum which are due to the exponential por-
tion of the power spectrum. This behavior is illustrated in
Fig. 2. Our computations have shown that in order to
measure the width of the pedestal portion of the beat sig-
nal, the delay time must be approximately six times the
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Fig. 5. Power spectrum observed for a delay time of 1.5 us; (a) 5 s sweep,
(b) 50 s sweep.

laser’s coherence time. This implies that a fiber optic de-
lay of more than 36 km would be required to enable the
true measurement of a 10 kHz linewidth.

The power spectrum was observed for six different
lengths of fiber; 1 m, 300 m, 600 m, 1.1 km, 1.7 km, and
2.8 km. These lengths correspond to delay times of ap-
proximately 0, 1.5, 3.0, 5.6, 8.5, and 14 ps. All mea-
surements were taken with the laser operating at the same
average output power level. The observed spectra ap-
peared to follow the theoretically predicted behavior, with
the sideband ripples forming as 7 was increased toward 7,
and then disappearing as 7 exceeded 7.. A representative
spectrum analyzer trace for 7 = 3.0 ps is shown in Fig.
3. The delta function portion of this relatively slow (10 s)
trace was seen to have a finite width that was not spectrum
analyzer resolution bandwidth limited. Additional spec-
trum analyzer traces for 7 = 3 ps are shown in Fig. 4 with
different frequency scales and sweep speeds. Similar
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Fig. 9. Behavior of the delta function jitter width as a function of delay
time (fiber length).

traces for the other delay times are shown in Figs. 5-8.
The full width at half maximum of the delta function was
observed to increase linearly with delay time as plotted in
Fig. 9. This linearity implies the presence of jitter of the
laser’s center frequency whose periodicity is greater than
the longest delay time used.

Analysis of the resulting data was performed using a
weighted least squares approximation technique. This
analysis provided an estimation of the laser’s coherence
time from the pedestal portion of the power spectrum.
However, because the delta function jitter obscured the
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Fig. 10. Results of the least square approximation to the data. (a) Fit of
data in Fig. 4(b), 7.5 = 4.1 us. (b) Fit of data in Fig. 6(b). 7.4 = 6.5
IS,

pedestal for the longer delay times, results are presented
only for the 3 and 5.6 ps delays. Since the jitter of the
delta function precluded accurate estimation of the divi-
sion of power between the pedestal and the delta function
portions of the power spectra, no delta function is repre-
sented on the plots of the estimated power spectra. Rep-
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resentative estimates for these data are shown in Fig. 10(a)
and (b), respectively. These figures indicate that the anal-
ysis fit the data reasonably well, vielding estimates for the
coherence time ranging from 3 to 10 gs. However, the
theory does not appear to adequately predict the depth of
the sideband ripples. The broad range of estimated values
of the coherence time can be attributed to the inherent
mechanical and thermal instability of our external cavity
laser.

In conclusion, the linewidth of a line-narrowed external
cavity diode laser was measured using a self-heterodyne
interferometric technique with multiple delay times less
than the laser’s coherence time. The data show the pres-
ence of low-frequency fluctuations that cause the delta
function portion of the power spectrum to have a finite
width. We believe that this technique may provide a via-
ble way of measuring the linewidth of a very stable line-
narrowed diode laser; however, in our laboratory setup,
the results leave some uncertainty as to the laser’s ulti-
mate linewidth since the external cavity was quite unsta-
ble.
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