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Spatial Mode Matching Efficiencies for Heterodyned 
GaAlAs Semiconductor Lasers 

K. A. WINICK 

Abstract-High spatial mode matching efficiencies are experimen- 
tally demonstrated when open-loop frequency-stabilized GaAlAs semi- 
conductor lasers are heterodyned on silicon p-i-n detectors. Repeatable 
values of 75 percent are obtained using two independent lasers. The 
mode matching efficiency increases to 90 percent when a single modu- 
lated laser is self-heterodyned using an unequal path length Mach- 
Zehnder interferometer. Experimental data is shown to match closely 
with theoretical predictions. 

I. INTRODUCTION 
HE PERFORMANCE of an optical heterodyne re- T ceiver will be strongly influenced by the degree to 

which the signal and local oscillator (LO) beams can be 
spatially matched in both amplitude and phase at the de- 
tector. Any mismatch will reduce the IF signal power and 
consequently the signal-to-noise ratio. The ratio of IF sig- 
nal power obtained in the presence of a mismatch to that 
obtained when there is no mismatch will hereafter be re- 
ferred to as the spatial mode matching efficiency (MME). 

With the advent of efficient single-mode semiconductor 
lasers, free-space optical heterodyne communications be- 
tween satellites is reaching the stage of practicality. In 
fact, such a system is currently being developed by M.I.T. 
Lincoln Laboratory and launch is expected before the end 
of the decade [ 13. The successful completion of this proj- 
ect requires that high spatial mode matching efficiencies 
be realized. 

Several authors [2]-[7] have performed theoretical 
studies to determine the MME as a function of system 
parameters, including signal/LO beam angular misalign- 
ment, signal/LO beam size differences, and detector-to- 
spot size ratios. Experiments to quantitatively measure 
mode matching efficiencies, however, are few. Sonntag 
[8] has measured the functional dependence of the MME 

versus signal/LO angular misalignment. In his experi- 
ments, the signal beam was a plane wave and the LO was 
either a plane or spherical wave. The experimental results 
obtained had the functional form predicted by theory, but 
absolute MME values were not reported. In addition, the 
experiments were performed with a HeNe laser, rather 
than a semiconductor device, and only self-heterodyning 
performance on a photomultiplier tube was measured. 

We have experimentally measured the MME when two 
independent GaAlAs semiconductor lasers are hetero- 
dyned on a high speed silicon p-i-n photodetector. The 
experiments have also been repeated using a single, fre- 
quency-modulated GaAlAs laser, which is self-hetero- 
dyned with the aid of an unequal path length Mach-Zehn- 
der interferometer. In the former case, maximum 
repeatable MME values of 75 percent were obtained. In 
the later case, these values increased to approximately 90 
percent. 

Section I1 of this paper gives mathematical expressions 
for spatial mode matching efficiencies. Gaussian signal 
and LO beams are assumed, and losses due to both an- 
gular misalignment and lateral offsets between beams are 
included. An upper bound for the loss produced by small 
wavefront differences between beams is also derived. The 
main core of this paper is contained in Section 111, where 
our experimental setup is described and our data is ana- 
lyzed. It is shown that theoretical predictions, based on 
the expressions of Section 11, agree well with the data. 
Finally, Section IV summarizes our results. 

11. MATHEMATICAL EXPRESSIONS FOR MME 

The mode matching efficiency of a heterodyne system 
is given by [3]: 

where As ( x )  and ALo(x) are the amplitude of the signal 
and local oscillator beams, respectively. Similarly, 6 s  ( x )  
and dLo(x) are the beam phases. The integrals in (1) are 
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be chosen to lie at the front surface of a lens located one 
focal length in front of the detector [9]. It will also be 
assumed that the detector area is much larger than the fo- 
cused spots, and that the detector has uniform quantum 
efficiency across its surface. 

We first consider the case where the signal and LO 
beams at the lens are Gaussian in amplitude and flat in 
phase with a relative angular tilt of A0 rad between their 
propagation directions and a lateral displacement of E me- 
ters between their centers. The nominal wavelength is X. 
The distance of the 1 / e  power points measured from the 
beam center will be designated by uLo and us for the LO 
and signal beam, respectively. Then using ( l ) ,  it is 
straightforward to show that 

MME 

* exp 

It can be seen from (2) that the MME due to tilt alone 
(i.e., E = 0 and uLo = us) is given by 

M M E T I L T  = exp [ - 2 ~ ~ u t ~ ( h ) ~ ]  sin A0 ( 3 )  

that the MME due to lateral displacement alone (i.e.,  A0 
= 0 and uLo = us) is given by 

M M E L A T  = exp [ -0.5 (:)'I (4) 

and finally that the MME due to beam size differences 
alone (i.e.,  E = 0 and A0 = 0) is given by 

L \ u s / J  

Figs. 1, 2, and 3 plot the mode matching loss (i.e., 10 
log MME) for tilt, lateral offset, and beam size differ- 
ences, respectively, as a function of uLo sin AO/X, E and 
uLo/us. Note the relative insensitivity of the MME to lat- 
eral offsets and beam size variations. Conversely, the 
MME is extremely sensitive to tilt. In the experiment to 
be described in Section 111, uL0 = 1.84 mm and X = 0.83 
pm. Thus, A0 = 50 prad will result in a 1-dB loss. 

~ 
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Fig. 1 .  Mode matching loss as a function of t i l t .  
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Fig. 2 .  Mode matching loss as a function of lateral offset. 
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Fig. 3.  Mode matching loss as a function of beam size ratio. 
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Next we consider the case where the signal and LO 
beams at the lens, which lies one focal length in front of 
the detector, are matched in amplitude (i.e., As ( x )  = 
ALO ( x )  ) but not in phase. It is also assumed that the phase 
mismatch is small or equivalently: 

In addition, since (1) is invariant to an additive phase con- 
stant (i.e., path length delay) in either the signal or LO 
beam, we will require without loss of generality that: 

j s (+s(x) - + L O W )  dx = 0. (7) 

Then if As ( x )  = a constant, it is easy to show by ( l ) ,  
(6 ) ,  and (7) that s j [ + S W  - +L0(X)l2dx 

sb MMEpHASE = 1 - * ( 8 )  

Noting that the mean-squared phase error (MSE) between 
the two beams is simply the second term on the right-hand 
side of (8) above, it follows that 

MMEpHAsE = 1 - MSE, provided MSE << 1. 

(9)  
Furthermore, it is shown in Appendix A that for arbitrary 
As (x) ,  (9) becomes 

(10) MMEpHASE 2 1 - MSE, provided MSE << 1. 

111. EXPERIMENTAL SETUP 

Fig. 4 shows the experimental setup used to measure 
mode matching efficiency. In Fig. 4 the output of a Hi- 
tachi CSP 15-mW GaAlAs semiconductor laser is passed 
through an F/ 1.1 77-mm focal length collimating lens 
followed by an anamorphic prism pair. The prism pair 
serves to circularize the elliptical shape of the output 
beam. The circularized output profile has an approxi- 
mately Gaussian intensity distribution with the 1 / e  inten- 
sity point lying 1.84 mm from the beam center. The col- 
limated laser beam is next split at beamsplitter 1 and then 
sent through an unequal path length Mach-Zehnder inter- 
ferometer where the two beams recombine at beamsplitter 
4. Fifty percent of the combined beam is picked off at 
beamsplitter 5 where it is sent to a commercial beam scan 
device and a commercial laser diode wavefront measuring 
instrument (LADITE) [IO]. The beam scan device pro- 
duces intensity profiles of either beam 1 or beam 2 by 
scanning a 10-pm-wide slit across the beam while dis- 
playing the collected power on an oscilloscope. The 
LADITE is a computer-controlled Mach-Zehnder inter- 
ferometer which can analyze laser beam wavefronts. Its 
capabilities include, but are not limited to, the ability to 
subtract the phase of two wavefronts point by point, fit 
Zernike polynomials to the resulting difference, and com- 
pute the mean-squared phase value of the difference. Thus 
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Fig. 4 .  Single laser experimental setup. 

the LADITE in Fig. 4 can be used to measure angular tilt 
(At)) between the two beams at beamsplitter 4. 

In principle, the LADITE could be used to analytically 
calculate the mode matching efficiency as given by (I). 
There are, however, two practical limitations which pre- 
clude this option. First, because of unwanted multiple re- 
flections inside the LADITE, the instrument is not capa- 
ble of accurately measuring the intensity profile of a 
coherent beam. Second, the signal dynamic range over 
which the LADITE can measure phase is limited. Thus, 
with a Gaussian beam, the instrument fails to determine 
the phase in the low intensity tails of the beam. According 
to manufacturer specifications, the LADITE has an rms 
accuracy of X/50. 

The fifty percent of the combined beams which is not 
sent to either the LADITE or beam scan device is further 
divided at beamsplitter 7. Here, 5 percent is directed to a 
confocal Fabry-Perot spectrum analyzer having a 300- 
MHz free spectral range and 95 percent is sent through a 
25-mm focal length F / 1  lens. A polarizer followed by a 
X/4-waveplate is placed in each of the two paths to iso- 
late the laser from specular backscatter. An RCA high 
speed detector (0.5-mm diameter) is located at the focal 
plane of the lens where the heterodyning takes place. 

The confocal Fabry-Perot is used to coalign beams 1 
and 2. This is accomplished by blocking beam 2 and ad- 
justing the angular and lateral position of the Fabry-Perot 
so that beam 1 lies directly on the axis of the Fabry-Perot. 
When this condition occurs the free spectral range of the 
Fabry-Perot doubles to 600 MHz, as observed by noting 
that the amplitude of every other line in the Fabry-Perot 
output spectrum diminishes to nearly zero [ 111. Once this 
is accomplished beam 1 is blocked and the angular posi- 
tions of mirrors 2 and 3 are adjusted so that the free spec- 
tral range of the Fabry-Perot remains at 600 MHz. In 
practice, we are able to coalign the two beams so that 
alternate lines in the Fabry-Perot output spectrum have 
ratios exceeding 100 : 1. 
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The laser shown in Fig. 4 is open-loop frequency sta- 
bilized by controlling its temperature and its bias current. 
The temperature and bias currents are held constant to 
better than 0.0005"C and 1 pA, respectively. The laser's 
full-width-half maximum Lorentzian linewidth when op- 
erating at 15 mW is approximately 7 MHz. The laser is 
frequency modulated by adding a small amount of time- 
varying injection current to the laser bias current. This 
injection current is a triangular wave of nominal fre- 
quency 250 Hz having a 0.5-mA peak-to-peak amplitude. 
The slope of laser frequency versus dc injection current 
is approximately 3 GHz/mA. Since the Mach-Zehnder 
interferometer formed by beamsplitters 1 through 4 has 
arms of unequal path length (AL. = 0.38 m), this fre- 
quency modulation induces a periodic time-varying phase 
difference between the two beams when they combine at 
the detector. The output of the detector thus consists of a 
dc photocurrent component for each beam and a single 
beat signal. By measuring the amplitude of both the beat 
signal and dc components, the MME may be calculated. 
Using ( l ) ,  it is shown in Appendix B that 

where 

Z,, peak-to-peak beat signal photocurrent, 
Z, 
Z2 

dc photocurrent produced by beam 1 ,  
dc photocurrent produced by beam 2. 

Using the above technique, mode matching efficiencies of 
90 percent (i.e., 0.46-dB loss) were obtained repeatably, 
and values as high as 92 percent were observed. 

Figs. 5(a) and 5(b) show an intensity scan through beam 
1 in the horizontal and vertical directions, respectively. 
Virtually identical results were obtained for beam 2. Each 
horizontal division in the figure represents a distance of 
1.36 mm, and thus the beam's l / e  intensity point lies 
approximately a, = 1.84 mm from beam center. Also note 
that the intensity scan in the vertical direction exhibits 
local peak and troughs. These, we believe, are interfer- 
ence fringes generated by multiple reflections off of the 
laser collimating lens. The fringes do not occur in both 
the vertical and horizontal directions, because the beam 
leaving the semiconductor laser has different divergences 
in the two directions. 

Fig. 6 shows an oscilloscope trace of the photocurrent 
beat signal generated at the output of the RCA p-i-n de- 
tector. The beam intensity striking the detector was con- 
trolled using neutral density filters so as not to saturate 
the photocurrent. Detector responsivity was measured as 
function of incident power, and the results are plotted in 
Fig. 7. 

By using the LADITE to measure angular tilt ( A d )  be- 
tween beams l and 2, we were also able to plot measured 
mode matching efficiencies versus, At9. Fig. 8 shows this 
plot along with the theoretically predicted curve derived 

1.36 m m / H O R I Z O N T A L  D I V I S I O N  

(a) 

Fig. 5 .  (a) Horizontal intensity scan beam 1 .  (b) Vertical intensity scan 
beam 1 .  

500 p s / H O R I Z O N T A L  D I V I S I O N  

Fig. 6 .  Photocurrent beat signal (single laser case). 

from ( 3 ) .  We note the excellent agreement between the 
theory and the measurements. 

Under the best alignment conditions we were able to 
achieve, Fig. 8 indicates that approximately -0.12 dB of 
mode matching loss can be attributed to a residual angular 
error of 17 prad between beams. We believe that most of 
the remaining -0.4-dB loss is due to the wavefront ab- 
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Fig. 7 .  Responsivity for RCA C30971E photodetector. 
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Fig. 8.  Mode matching efficiency versus tilt offset. 

errations introduced in the two different arms of the Mach- 
Zehnder interferometer. It is also speculated that some of 
the loss is produced by laser frequency noise. Beams 1 
and 2 follow paths which differ in length by approxi- 
mately 0.38 m or 1.3 ns of propagation delay time. Con- 
sequently , frequency fluctuations which occur on this time 
scale or faster will reduce the amplitude of the beat signal 
photocurrent. For a Lorentzian laser linewidth of AV-Hz 
full-width-half-maximum, it can be shown that the mean 
loss is given by the following multiplicative factor: 

exp [ -2.rrAvTD] (12) 
where To is the propagation delay time between paths in 
seconds. 

With Au  = 7 MHz and To = 1.3 X lop9, (12) predicts 
a mean loss of -0.24 dB. Finally note by (4) that a 10 
percent lateral offset (i.e. , € / u s  = 0.1 ) between the cen- 
ters of beams 1 and 2 would produce only a -0.02-dB 
loss. Thus, lateral offsets should not contribute signifi- 
cantly to measured losses. 

Fig. 9 shows the experimental setup used to measure 
the mode matching efficiency when two separate lasers 
are heterodyned. Note that this setup is virtually identical 
to the one used for the self-heterodyned case. The two 
lasers were open-loop frequency stabilized as previously 
discussed and neither one was modulated. The two lasers 
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Fig. 9. Two laser experimental setup. 

were frequency tuned by control of their temperatures and 
bias currents so that they would produce a heterodyned 
beat signal at an IF frequency of approximately 50 MHz. 
The frequency response of the detector and its associated 
packaging (including cable) was not measured in detail. 
A linear least squares fit, however, to ten data points col- 
lected between 25 and 400 MHz indicates less than an 
0.1-dB roll-off at 50 MHz with a 3-dB point at 1.3 GHz. 

The beat signal spectrum has a Lorentzian shape due to 
laser frequency noise, and its effect is quite pronounced. 
When the oscilloscope trace was triggered on a zero 
crossing of the IF beat signal, the resulting display was a 
fuzzy sinusoid as illustrated in Fig. 10. As expected the 
fuzziness increased from left to right across the scope 
screen. We chose to define the peak-to-peak IF photocur- 
rent as the difference between the first minimum and max- 
imum of the displayed signal. Using this peak-to-peak 
value along with (1 l ) ,  repeatable mode matching efficien- 
cies of 75 percent (i.e., 1.25-dB loss) were measured. 

The accuracy of the above measurement was less than 
that for the self-heterodyned case for two main reasons. 
First, the high frequency oscilloscope plug-in used to ob- 
serve the 50-MHz beat signal had low sensitivity, thus 
limiting the accuracy with which the peak-to-peak signal 
values could be read. Second, as already discussed, fre- 
quency noise degraded the signal. 

It is noted that the mode matching efficiency for the two 
laser case is approximately 0.8 dB worse than that re- 
corded for self-heterodyning. At least some of this differ- 
ence is due to the fact that the phase wavefronts of the 
two lasers (with tilt removed) are not identical, resulting 
in a loss as indicated by (10). In order to minimize this 
loss, the laser collimating lenses were adjusted with the 
help of the LADITE to produce wavefronts having low 
rms phase variations. Values of the order of X/20 were 
routinely achieved for each laser. Note that if the phase 
perturbations across each beam were random and inde- 
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Fig. 10. Photocurrent beat signal (two laser case) 

pendent, then the mean-squared phase difference between 
the two beams would be 2 ( 2 ~ / 2 0 ) ~  rad2. According to 
(lo), this value could result in a loss of as much as 0.95 
dB . 

Spatial mode matching of optical beams is also of im- 
portance in applications other than free-space optical 
communications. These related applications include op- 
tical fiber heterodyne communications [ 121-[ 141 and the 
coupling of beams into and out of resonators [15] and 
waveguides. As opposed to the configuration shown in 
Fig. 9, beam combining in fiber systems is usually ac- 
complishd by launching both the LO and signal beams 
into a single-mode fiber or directional coupler [ 121-[ 141. 
The mode matching loss under these conditions becomes 
the coupler insertion loss, as seen by the signal beam. The 
beam combining techniques used in fiber systems are not 
practical for free space optical communications, because 
they do not permit heterodyne spatial tracking, and the 
insertion losses are likely to be high. 

IV. SUMMARY 
We have experimentally measured spatial mode match- 

ing efficiencies when heterodyning GaAlAs semiconduc- 
tor lasers on high speed silicon p-i-n photodetectors. 
MME’s were computed by comparing the peak-to-peak 
magnitude of the resulting beat signal with the dc photo- 
currents generated by each of the two beams. Two sets of 
measurements were taken. In the first, a frequency mod- 
ulated GaAlAs laser was self-heterodyned using an un- 
equal path length Mach-Zehnder interferometer, and 
MME values on the order of 90 percent were obtained. 
Approximately 0.1 dB of this loss was attributed to beam 
angular alignment errors of between 10 and 20 prad. 
Alignment accuracies of this order were routinely 
achieved using a 300-MHz free-spectral-range confocal 
Fabry-Perot spectrum analyzer. The remaining 0.4 dB of 
loss is believed to result from wavefront aberrations pro- 
duced by the Mach-Zehnder interferometer optics and 
measurement errors (including frequency noise effects). 

In the second set of measurements, two separate Ga- 
AlAs lasers were heterodyned, and a 50-MHz IF beat sig- 
nal was produced. A constant 50-MHz IF frequency was 
maintained by open-loop frequency stabilizing each laser 
through control of its temperature and bias current. The 

output of each laser was collimated to approximately h/20 
rms, and spatial mode matching efficiencies of 75 percent 
were measured. As expected, the measured MME for the 
two laser case was less than that obtained during self-het- 
erodyning. Some of this difference is due to wavefront 
mismatch, and the remainder can be attributed to an in- 
crease in measurement error. The measurement error in- 
crease results from the pronounced effects of frequency 
noise, and the reduced sensitivity of the oscilloscope’s 
plug-in amplifier at 50 MHz. 

APPENDIX A 
DERIVATION OF MODE MATCHING EFFICIENCY LOWER 

BOUND 

In this appendix a lower bound on the mode matching 
efficiency will be derived, assuming a small phase mis- 
match exists between the LO and signal beams. 

Let A+ ( x )  denote the phase difference between the 
beams. Then 

A4(x) 4 M  - 4 L O ( X ) .  (A1 1 
Also, without loss of generality, let A+(x)  have an av- 
erage value of zero as indicated below: 

A ~ ( x )  dx = 0. (A2) s s  
Next, assume that the phase difference A+(x)  is small or 
equivalently 

JA4(x)l  << 1 .  (A3) 

The mean-squared phase difference (MSE) between the 
LO and signal beams is defined by 

1 s A4’(.) dx 

S S d X  . 

MSE A (A4) 

In addition, let B be defined by (A5) below: 

B s s Ai(x) d x .  (‘45) 

Then, from (I)  in the text it follows that 

Expressing the exponential in (A6) by the first three terms 
in its series expansion yields 

1 + iA4(x) - A42(x)/2]l‘ 
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Define A w ,  A 4 ( x ) ,  P ,  Q ,  and R by 

AW = A ~1 - ~2 033) 

034) 
I 1 - B-' s s A ; ( x )  A 4 2 ( x )  dx .  ('410 1 

A 4 ( x )  = 4dx) - 4 2 ( x )  By the Schwarz Inequality the integral in (A10) is maxi- 

P 1 s A , ( x )  A 2 ( x )  cos [ A 4 ( x ) ]  dx (B5) mum when 

A 4 2 ( x )  = cA: (x ) ,  for c a constant. ( A l l )  
Therefore Q s s A , ( x )  A 2 ( x )  sin [ A + ( x ) ]  dx (B6) 

R = detector responsivity in amperes per watt. 

037)  MMEph,,, 1 1 - cB-' j A:(x)  dx (A12) 

where by (A1 1) Thus, the dc photocurrents are 

= I -  B-2 

By the Schwarz Inequality 

B2 I j j A:(x )  dx j s dx .  (A16) 

Combining (A4), (A15), and (A16) produces the final de- 
sired result 

ZI = 1R j j A : ( x )  dx (B8) 

Z2 = i R  A $ ( x )  dx 039) 

and the beat signal current i(t) is given by 

i(t> = R s j A d x )  A 2 ( X )  

* cos [(U1 - u 2 ) t  + 4 I ( X )  - 4 2 ( x ) ]  dx 

( B W  

= cos ( A w t ) R  P - sin ( A w t ) R  * Q (B11)  

i ( t ) will achieve a maximum or minimum when di ( t )  / d t  
= 0. d i ( t ) / d t  = 0 implies 

-sin ( A w t ) P  - cos ( A w t ) Q  = 0 (B12) 
or equivalently 

Q sin ( A u t )  = 
( P 2  + Q2)II2 

MMEph,,, I 1 - MSE. (A17)  and 

0313) 
APPENDIX B P 

cos ( A u t )  = T 
(P' + Q2) '12 '  DERIVATION OF A MODE MATCHING EFFICIENCY 

EXPRESSION IN TERMS OF OBSERVED PHOTOCURRENTS 
In this appendix, an expression for mode matching ef- 

the analytic forms of the two beams (i.e., LO and signal) 
be given as: 

Therefore by (B1l) and (B13) 
ficiency is derived in terms of observed photocurrents. Let max i(t) = R ( P ~  + e2)l12 

min i(t) = - R ( P ~  + e2)II2 
0314) 

(B15) 

Beam I :  Z p - p  = 2 R ( P 2  + Q2) '12 .  (B16) 
exp [ i w  + M X ) ]  ( B 1 )  Combining (Bl)-(B6), (B8), (B9), and (B16) yields the 

final desired result 
2 

2 I s s Adx) exp [ i 4 l ( X ) ]  ' 4 2 w  exp [ - i 4 2 ( x ) l  dxl 
4 - P  - - 
161112 

= MME. 
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