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Enhancement of heterodyne efficiency of heterodyne LADAR
system with APD array detector based on array lighting

Yang Chenghua, Zhang Yong, Zhao Yuan

(Department of Physics, Harbin Institute of Technology, Harbin 150001, China)

Abstract: At the moment non-scanned imaging LADAR system whose advantage is rapidly imaging cannot
work beyond a relatively short operating distance due to the restriction of laser power and attenuation of the
signal. Therefore designing a new-type non-scanned heterodyne LADAR system with APD array detector is
a imperative solution to this problem. The design of lighting systems is the concentration since different
heterodyne efficiencies correspond to different optical systems and then decide the performance of the
LADAR system directly. In this paper, it was discussed that the heterodyne efficiency of the system using a
single expanded oscillator laser beam lighting system with a single collector lens stays only at 10~ level
which is far away from practical applications. Then, as a improvement design, array lighting theory was
adopted with a micro lens array collector device played before the detector array, the maximum heterodyne
efficiency of which reached 0.82 by calculation. The conclusion drawn in this paper proves the feasibility of
array lighting heterodyne LADAR system theoretically and form the foundation for further research on
heterodyne LADAR system with APD array detector.
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0 Introduction

Non-scanned imaging LADAR
advantage is rapidly imaging has become an important
in the field of LADAR recently.

researches have made a great progress in the theory of

system whose

subject Many
non-scanned imaging LADAR and showed wide range
of application prospects in geology, astronomy and
military guidance and other fields of this kind of
LADAR. However, imaging LADAR

built by now cannot work beyond a relatively short

non-scanned

detection distance with a qualified SNR ratio. This
problem has become a main barrier for non-scanned
imaging LADAR

Aiming at solving these problems, a series of methods

system to practical applications.

research
laboratory Modulated
Continuous Wave(FMCW) LADAR system!!, which is

a non-imaging LADAR system based on photoelectric

are put forward. For example, army

developed a  Frequency

heterodyne theory. Besides, methods such as Amplitude
Wave (AMCW) LADAR &,
imaging pulsing LADAR with

Modulated Continuous
3 -D range-gating
array detector™, Synthetic-Aperture Ladar!, synchronous
directly detecting LADARP and gain-modulation imaging
pulsing LADAR" were raised. However, the problems of
low SNR and short

without obvious improvements. It’s well known that

detection range still remained

heterodyne is a handling which greatly increases SNR
of a detection system. Meanwhile, the performance of
current non-imaging LADAR system improves by the
use of high sensitive detecting devices especially APD
array detectors'”. By combining both the approaches a
heterodyne LADAR system with APD array detector
for long distance detection could be designed
predictably. To heterodyne LADAR system, heterodyne
efficiency which is directly influenced by angle-
mismatch, polarization-mismatch as well as phase-
mismatch between signal beam and local oscillation
beam represents the relationship between SNR ratio

and photo-electric field. Due to the difference of SNR

and detection range resulting from the design of
system of LADAR,

mainly analyses the way to increase the heterodyne

optical heterodyne this paper
efficiency in order to promote SNR ratio and detection
range of a heterodyne LADAR system with APD
array device. After theoretical analysis, the heterodyne
efficiency of such a LADAR system when equipped
with a signal expanded beam lighting together with a
single collector lens stay at a rather low level (107°).
Then array lighting optical system with a micro lens
array collector device are adopted and proven to
promote the heterodyne efficiency stupendously, which

make the system meet practical requirements.

1 Heterodyne efficiency of heterodyne
LADAR system with APD array
detector based on single expanded

laser lighting system

In single expanded laser lighting system, the
heterodyne efficiency of APD element m on the array

detector device m,, can be defined as™:

" ﬂ U, 1 U, lds)?
M
H U, |ds H Uy, |%ds

i D,

Where U, is the distribution of signal field detected

MNw=COS’K

by element m, U,, is the distribution of local
field detected by

heterodyne area of element m, k is the included angle

oscillator element m, D, is
between the polarization directions of signal beam and
local oscillator beam that has nothing to do with the
position of APD element, A¢, is phase difference in
correspondence with the position of APD element.
Figure 1 shows the schematic diagram and
physical model of ideal heterodyne LADAR receiver.
The scattering light signal from the target is a far
field weak signal which can be approximated as
uniform plane beam and is received by an aperture
and a telescope with parameter F. It is drawn by

Fraunhofer theory that plane beams from different
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directions change into overlapping Airy plane beams
after diffraction and local oscillator beam is basemode
Gauss laser . Based on Eq.(1), the distribution of
signal beam and local oscillator beam are:

w(r=r,)
a
w(r-r,)

AF

256 2]1[
Ulr.d)= 2 K

m=1

exp{j(%*‘kf)—%} (2)
k(-] @

U(r,¢p)=exp (—% ) exp

Where a is the aperture radius of receiving antenna
and f is focal distance, r, is position of APD element
relative to the center of the detector. Then we get the

heterodyne efficiency of any APD element m:

Local oscillator,
| laser

OO OO

(a)

Local oscillator

(b)

Fig.1 Schematic diagram and physical model of receiving end of
heterodyne LADAR system in single expanded laser lighting

mode

I 27, m(r=r,)
l‘ﬂ L'f(rg:z)eXp(_wZ(z) ,)ds
1,=COS’K AF i "
oy | M) B
ﬂ L(r—% dsbﬂ [exp(-wzi(z)” ds
AF

First of all, the simplest condition is supposed
that the girdling of local oscillator beam coincides
with the photo surface of detector, which means z=0.
As a result, the following relations are derived base
on laser principle:

2

2
{ 2\

1+(L‘"0 )
L AZ

Adjust local oscillator beam to the same direction

| Az
(U(Z)=(U0 1+( 2
| T, |

=wy;R=z2 —

of propagation with signal beam, we can derive the
following equation after simplification:

2

J exp(\—%)]l(x—xm)dx ]

2
TR S ®
)2
2)6 _2(xm X5)
exp| 2 |—exp 10z
Considering that scattering light signals in

different directions from the target are detected by
receiving antenna and converged to Airy disks in
corresponding directions onto the photo surface of
APD elements. Different APD elements lie in different
positions on the detector detect Airy disks with
different direction angle and phase. These Airy disks
cause both phase delay A¢, and space angle-mismatch
0,. While the general condition is that the girdling of
local oscillator beam isn’t on the photo surface of
detector, suppose the distance is Z and this distance
generates a extra spherical space mismatch 6’ and a
phase delay A¢' .

simplification is worked on Eq.(5), and the heterodyne

additional Further revise and

efficiency is derived as:

2

Xt Xy ) xz i kr2 ] }
exp|——~ |Ji(x—x,)cos - m_ 1 Jo[2F (x—x,,) 0]dx
_Beostk | Al A= opz " .
nm_ QZ 2 ( )
ex ( Z.Xm —ex [ _ 2(-xm+x5)2 }
p —W “ p QZ
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Where 6 is the radius of Airy disk, R is radius of
curvature of Gauss beam, 6 is the mismatch angle and
0=0,—0g=arctan (r,/f)—arctan (r,/R). Ad (r,) is phase

difference corresponding to r,, and

AG(r)=2L | o1 | (1)

cos6,,

Eq.(6) was programmed first. According to laser
principle, there is a minimum of the curvature radius
of local oscillator beam on the photo surface of
detector. Supposing z=f=378 750 mm for the minimum
value of R, D=100 mm, f=250 mm, x,=115 pm, w,=
11.3 mm in order to ensure the oscillator beam
illuminating the whole 32x32 APD array device with
the size 16 mmx16 mm. Then the distribution curve of

the heterodyne efficiency is gotten as Fig.2 shows.
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Fig.2 1-D distribution curve of heterodyne efficiency of
heterodyne LADAR system in single expanded laser
lighting mode

The distribution curves in Fig.2 shows that the
value of heterodyne efficiency of a single expanded
laser lighting mode heterodyne LADAR system
quickly attenuates with the increase of the value of r,
and the heterodyne efficiency of other APD elements
stay at only 107° level. Meanwhile the curves show a
decay distribution of the heterodyne efficiency on the
array device with a periodical oscillation.

Considering heterodyne theory, there are 3 points
to explain the curves in figure except the ignored
position difference between Airy disks and the
oscillation laser beam, namely polarization-mismatch,
angle-mismatch and phase-mismatch.

(1) Polarization-mismatch ~ Since a QWP is

usually used in heterodyne systems in order to change

linear polarization laser into circular polarization
before launch optical system, and then the collected
signal beam is recovered as linear polarization before
heterodyne with local oscillation beam. This step
could effectively reduce polarization-mismatch. As a
result, polarization-mismatch in the system mainly
comes from the polarization degradation aroused by
the combination of signal beam and background light.
Here the role of background light is off the table as
ideal condition and the homologous, the influence of
polarization-mismatch can be ignored.

(2) Angle-mismatch The influence of angle-

mismatch reflects in the term:

2
kr
cos| A —m
T
Considering current parameters, the variation

range of this term is:

2
kr,

2R)

It is obvious that the variation range is about 230

| \
— 56.
costl. | €(0.456.4)

€ (0,03m) ;Aql>(r,,b=2§{i (

cycles mainly due to Ad(r,), which equals to a mid-
frequency oscillation modulation. So the influence of
angle-mismatch is embodied in periodical oscillation
in the curves in Fig.2.
(3) Phase-mismatch as is known that phase-
mismatch is 0 only when the radius of curvature of
oscillation Gauss beam equals to the equivalent radius
of curvature consisted of Airy signals in different
directions. Here define the curve consisted by Airy
signals with the same phase after converging the
signals reflected by different part of the target as
"isophase surface". Since the focal length of receiving
lens is f=250 mm, the radius of curvature of "isophase
surface” is 250 mm too. Meanwhile the radius of

curvature of oscillation Gauss beam is:
‘ s 2 2
T, .
1+( mw, ) =2 "% _7 58%10°mm

which is considerably larger than f. This difference

R=z

shows the serious phase-mismatch is the principal
factor leading to a rapid drop and low value of the

heterodyne efficiency of the heterodyne LADAR
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system in single expanded laser lighting mode.

Due to the low heterodyne efficiency of the
heterodyne LADAR system in single expanded laser
lighting mode, optimization of the optical system is
taken into consideration, which is to say enhance
heterodyne efficiency by controlling the parameter Z.
Based on Eq.(6), distribution curves of the heterodyne
efficiency changing as a function of Z are plotted as

shown in Fig.3.

2.8x10°f

2.6x10°f

2.4x10°f

2.2x10°f

2.0x10°

Average of heterodyne efficiency

0 2x10°  4x10°  6x10° 8x10° 10x10°
Distance from girdling to photosurface of APD Z/mm

Fig.3 Average value of heterodyne efficiency changes as a function

of Z

After analysis of the curves in Fig.3, it is found
that though heterodyne efficiency changes as a
function of Z and there exist a maximum value within
a setting range, while the overall trend of heterodyne
efficiency still rest on 10~ and doesn’t get significantly
improvement. So the conclusion is drown that the
performance of heterodyne LADAR system with APD
array detector based on single expanded laser lighting

system cannot meet the practical requirements.

2 Heterodyne LADAR system with APD
array detector of array lighting mode

In view of the conclusion drawn above, a new,
modified optical lighting theory is introduced, namely
array lighting theory. The principle frame graph of a
heterodyne LADAR system with APD array detector
of array lighting mode is shown in Fig.4.

The operating principle of the system is as

gratings.’

channel)

Tt ~ngann

o b <

Telescopel ! Telescope2

APD array QWP2

(Multiplexing array

Mirror

Computer

Fig.4 Schematic of heterodyne LADAR system with APD array detector in array lighting mode
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follows. Firstly, frequency stabilized single mode
linear polarization laser is generated and modulated as
chirp modulated continuous signal. Then the signal is
shaped into linear polarization laser array all equal to
the APD elements of the array detector device by the
operation of optical system and Dammann grating.
After that the laser array transfer through a QWP and
changed into circular polarization. A beam splitter is
played to split laser beam into signal beam and local
oscillation beam. Signal beam is collimated and
expanded by a transceiver illuminating the target.
Reflected signal collected by transceiver combines
with oscillation beam and is restored to linear
polarization by another QWP. Finally the two beam
arrays realize heterodyne on the photosurfaces of APD
array device and the output electric signals are
transferred pass a parallel processing LPF into signal
process system.

Array lighting theory is a method that transforms
signal beam and local oscillator beam to beam arrays
fixed with APD elements on the detector by the use
of Diffraction Optical Element (DOE) tthrough the
adjustment of telescope and DOE and then realizes
heterodyne detection. The schematic of this lighting
style is showed in the dashed box in Fig.4 and the

physical model of receiving end is showed in Fig. 5.

Local oscillator laser

Signal laser

Detector
array

Fig.5 Physical model of receiving end of heterodyne LADAR

system in array lighting mode

From these pictures it is found that the laser
beams of laser array in array lighting mode are all
equal to the APD elements of the array detector
which avoids the serious

device, phase-mismatch

between signal beam and oscillation beam caused by

expansion of oscillation beam in single expanded laser
lighting mode. Thus by use of array lighting theory
the heterodyne efficiency of a heterodyne LADAR
system with APD array would be far superior to the
former lighting mode.

Another advantage of array lighting theory is the
possibility of further enhancement of the heterodyne
efficiency by optical optimization. That means it can
realize perfect match when adjusting the girdling of
oscillation beam to the photosurface of APD element
by changing the F number. Similar with the analysis
above, the heterodyne efficiency of element m on the

APD array detector is gotten:

2

o |
exp| 5 |2 xb)cos K ]
nzg—zcoszx ﬂ e 0 5 2K (8)
o2l |

And from Eq.(8) an isovalent equation could be
drawn as follow for conciseness:
n=n(k.z,F,0) (9)
According to single-point optical heterodyne
theory, a optical system that satisfies space collimation
between signal beam and local oscillator beam (6=0)
and transforms launched laser to circularly polarized
light(k—0) and z=0, R— % could be designed, which
corresponding to the maximum value of heterodyne
efficiency as follow:
. 2
ﬂexp(—%)]l(x)dx ]
n=n(F)=% ‘ e (10)
l—exp{_z(ﬁﬁ) }

In this equation, =mwy/AF. As is shown that
heterodyne efficiency in array lighting mode becomes
a unary function of F. Programming Eq. (10) by
MATLAB, and distribution curves of the heterodyne
efficiency is gotten as Fig.6 shows.

Seen from simulated result of Fig.6, heterodyne
efficiency in array lighting mode reaches a maximum
value about 0.82 when F is around 4, which is in

conformity with the theoretical maximum value.



Yang Chenghua et al: Enhancement of heterodyne efficiency of heterodyne LADAR system with

% 10 #

APD array detector based on array lighting

3275

e e @ e
w9 )
T T . .

Heterodyne efficiency

o
kS
T

1 2 3 4 5 6
F of optical system

Fig.6 Heterodyne efficiency changes as a function of F in array

lighting mode

3 Conclusion

In this paper, heterodyne efficiency of both single
expanded laser lighting theory and array lighting
theory are derived respectively and corresponding
numerical simulation experiments are made. The result
shows that the value of heterodyne efficiency of a
single expanded laser lighting mode heterodyne
LADAR system quickly attenuates with the increase of
the value of r, and maintain a relatively low 10~
order without a possibility of progress by optimization
design of the optical system, which is aroused by the
serious phase-mismatch between signal beam and
oscillation beam caused by expansion of oscillation
beam.

On the other hand, because of avoidance of that
serious phase-mismatch, heterodyne efficiency in array
lighting mode is dramatically enhanced and reaches a
maximum value about 0.82 when F is around 4,
which is in conformity with the theoretical maximum
value. The conclusion drawn in this paper proves the
feasibility of array lighting heterodyne LADAR system
theoretically and forms the foundation for further

practicability research on heterodyne LADAR system

with APD array detector.
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