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a b s t r a c t

The method of compensation for spatial phase aberration based on an array detector and sequence shift-
ing has a great advantage. But in the method, the calculations of the shifting steps depend on the known
optical field distributions, so the method is limited when the accurate distributions cannot be obtained.
To overcome this problem, we propose to use genetic algorithm (GA) to search appropriate shifting steps,
which can be performed automatically in a microcontroller unit (MCU). Because there is no need of
obtaining the field distributions, the system can be simplifies by omitting the two on-off controllers in
the optical path. Meanwhile, the detection of a weak optical signal becomes feasible in the new method.
Numerical calculations confirm that genetic algorithm can effectively determine the shifting steps and
the signal-to-noise ratio (SNR) of the array detector can be increased by more than one hundred times
compared with the single detector.

� 2018 Published by Elsevier Ltd.

1. Introduction

In optical heterodyne detection, it is well known that the spatial
phase aberration of the beams severely degrades the performance
of a heterodyne system [1,2]. The aberration may be caused by var-
ious factors, such as misalignment angle [3,4], turbulence [5,6],
aberrations of optical components [7]. In order to decrease the
effect of the aberration, some rigorous requirements must be
met, such as precise alignment of the components in system, good
phase wave front and excellent aberration correction of the optical
components. However, these requirements are difficult to meet
fully in practice. In view of the difficulty in avoiding the aberration,
the study about how to compensate for it becomes a more realistic
solution. As far as phase compensation concerned, to the best of
our knowledge, there are two methods available. One is adaptive
optical technique [8]. The fundamental is to measure firstly the
wave-front distortion with Shack-Hartman wave-front sensor [9]
or shearing interferometer [10], and then the distortion is compen-
sated for by a system composed of electro-optic, acousto-optic
devices and deformable mirror. The technique needs a large-scale
computer control system and servo device. The system is quite
expensive. The other method is based upon phase conjugate mirror

[11,12]. The mirror can generate a conjugate wave of the distorted
one. Exploiting the physical phenomena of self-pumped and mutu-
ally pumped phase conjugation, one can obtain a matching wave-
front distribution. However, this could only be achieved when the
position and orientation of the incident beams meet certain condi-
tions, which results in the difficulty in proper alignment of the rel-
evant components. Even if the conditions are met, the conjugated
reflectivity is still very low. Hence, further efforts are still
demanded if one wants to apply this technique in practice.

To overcome the above mentioned problems, we have proposed
a method based on array detector [13]. In the array, every detector
element corresponds to a fragment of the spatial phase aberration.
Like this, the effect of the aberration fragment is to generate a ran-
dom phase in the heterodyne signal output from the element. For
the heterodyne signal, there is a certain phase difference between
the adjacent two samples of analog-to-digital converter (ADC).
Based on this fact, if the signal sequences output from the detector
elements are shifted by different steps and then they are summed
as the total output, it is possible to compensate the spatial phase
aberration when the shifting step depends on the quantity of spa-
tial phase aberration. According to the method in Ref. [13], the first
step is to obtain the field distributions of the signal and the local
oscillation (LO) beams. Then, the aberration of each element can
be calculated based on the distributions. Finally, the shifting steps
of all sequences can be determined from the values of these quan-
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tities. We have proved numerically in Ref. [13] that the method is
effective to compensate the spatial phase aberration. The method
can be performed in a circuit module of the array detector, so there
is no need of extra optical device to compensate the aberration,
which allows ease of implementation compared with the existing
methods. However, when the optical power of the signal beams
is very weak which is the usual case, it is difficult to obtain the field
distribution of the signal beams. As a result, the quantities of the
spatial phase aberration cannot be calculated. Thereby, it is also
difficult to determine the shifting steps of the sequences. In this
case, the method in Ref. [13] is less effective. So, it is necessary
to propose a more feasible approach to determine the shifting
steps of the sampling sequences.

The nature of spatial phase compensation based on an array is
to realize an equiphase superimposition of the outputs from all
detector elements. In fact, the process can be seen as a coherent
accumulation. The only difference is that the time-domain random
phases caused by time-jitter need to be eliminated in coherence
accumulation. We have successfully applied sequence shifting
and genetic algorithm to do that in coherent accumulation
[14,15]. In this paper, we use also genetic algorithm to determine
the appropriate shifting step of each sequence output from detec-
tor element. We simulate the spatial phase aberrations by use of
Zernike polynomials, which can be used for examining the effec-
tiveness of our method. The numerical results show that genetic
algorithm is effective to find out the appropriate shifting steps.
Accordingly, the SNR of the array detector shows a significant
improvement in comparison with that of the single detector. Fur-
thermore, compared with the system in Ref. [13], the new system
is simpler by omitting the two on-off controllers in the optical
path. Meanwhile, the new method is also effective in the case
when the optical power of signal beams is weak.

2. Fundamental theory of spatial phase compensation by use of
sequence shifting

Although the fundamental of the compensation for spatial
phase aberration based on array has been described in Ref. [13],
we still give a new schematic diagram in Fig. 1 in order to facilitat-
ing the following elaboration. In practice, let f h denote the hetero-
dyne frequency and suppose that the sampling frequency of ADC is
w times higher than f h. We may get the sampling time interval
Dt ¼ 1=wfh. Thus, t is rewritten as following

t ¼ kDt þ t0
¼ k=wfh þ t0;

ð1Þ

where t0 is initial time, k is the serial number of sampling data and
k ¼ 0;1;2; . . .. If a single point detector is replaced by an array

detector shown in Fig. 1, according to Eq. (10) in Ref. [13], the
heterodyne signal sequence of the detector element in the mth
row and the nth column can be described by

ihm;nðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2m;n þ b2

m;n

q
sin xhðk=cfh þ t0Þ þ hm;n½ �: ð2Þ

where

cm;n ¼ qeg
hv

ZZ
Am;n

jESðx; yÞjjELðx; yÞj cos½Duðx; yÞ�dxdy; ð3Þ

bm;n ¼ qeg
hv

ZZ
Am;n

jESðx; yÞjjELðx; yÞj sin½Duðx; yÞ�dxdy; ð4Þ

hm;n ¼ arctg
cm;n

bm;n

� �
: ð5Þ

where Am;n is the photosensitive area of the detector element, g is
the quantum efficiency of the detector, h is Planck constant, qe is
the electronic charge of the electron, v is the optical frequency.
xh is the angular frequency of the heterodyne signal, Duðx; yÞ is
the phase difference between the two beams. When Duðx; yÞ is
not constant, it is defined as spatial phase aberration. Duðx; yÞ is just
the target needed to be compensated in this paper. One can find
that the phase term hm;n is related to Duðx; yÞ. If hm;n is eliminated,
the spatial phase aberration can be compensated to a certain
extend. Correspondingly, the direct current of the element in the
mth row and the nth column may be obtained from Eq. (10), Ref.
[13] and it can be expressed by

idcm;n ¼ qeg
hv

ZZ
Am;n

jESðx; yÞj2 þ jELðx; yÞj2
� �

dxdy ð6Þ

where ESðx; yÞ and ELðx; yÞ are the field distributions of the signal
and LO beams, respectively. Eq. (6) will be used in the subsequent
part for calculating the noise current output from the element.

3. Compensation for spatial phase aberration by using time-
domain phase

Let Dw be the phase difference between the two adjacent sam-
ples of ADC. We have

Dw ¼ xhDt

¼ 2p=w:
ð7Þ

Please, note that there is phase difference D/ between ihm;nðkÞ
and ihm;nðkþ 1Þ. So, another phase difference w ¼ lm;nDw should exist

between ihm;nðkÞ and ihm;nðkm;nÞ, where km;n ¼ kþ lm;n, lm;n is an inte-

Fig. 1. Schematic diagram of the compensation for spatial phase aberration based on array.
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