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Abstract
Introduction. In order to ensure the proper functioning of a homodyne acousto-optic spectrum analyzer, it is neces-

sary to establish a reference optical channel. The signal in this channel should provide uniform reference illumination
across the spatial frequency range. In the general case, the spectrum analyser function can be evaluated by means of
a continuous photosensor coupled with a charge accumulation photosensor. With reference to the latter, the signal in
the reference channel is proposed as a wide-band periodic pulse sequence.

Objective. To analyze the functioning of a spectrum analyzer using a periodic reference signal.

Materials and methods. We derive the mathematical expression to describe the influence of a reference signal structure
on the analyzer’s output signal for the cases of continuous photosensor and photosensor with charge accumulation.
Results. It is shown that in the case of a continuous photosensor, the reference signal periodicity does not lead to a
degradation of the operating characteristics. However, in the case of multiple frequency resolution points this is im-
practical, since each photodetector signal is parallel and filtering, amplification and digitisation processing is required.
In the case of using of the charge accumulation sensor, a discrete frequency grid appears, which means signals omis-
sions in frequency. This can be avoided by choosing an accumulation time equal to the minimum among the values of
the acousto-optic modulator time aperture and the reference signal period, which is hard to implement, or still leads
to the signal omissions in frequency or time.

Conclusion. To perform a real-time mode in the homodyne acousto-optic spectrum analyser, the reference signal must be
either non-periodic, which raises the question of its synthesis, or a continuous photodiode array should be used.
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O BOSMOXXHOCTU NCNOJ1Ib3OBAHUA NEPNOANYECKOIO ONMOPHOIO CUTHAJA
B roMmoANMHHOM AKYCTOONMTUYECKOM CMNMEKTPOAHAJIN3ATOPE

AHHOTaUMS.

BeedeHue. /13 pabomel 20MOOUHHO20 GKYCMOONMUYECKO20 CNeKmMpoaHaaU3amopa HeobxodumMo op2aHU3080Mes 0Nop-
HbIl onmuyeckuli kaHan. Cu2Han 8 3moM KaHane Ao/xeH obecneyueams PAasHOMEPHYHO 3aceemky no ecell obaacmu
NpoCMpaHCMBEeHHbIX 4acmom. B obujem ciydae MOXHO paccmampusame pabomy cnekmpoaHaau3amopa ¢ gomonpu-
eMHUKOM M2HO8eHH020 delicmeus U $omonpueMHUKOM C HaKON/AeHUeM. B nociedHeM caydae cu2Ha/ 8 ONOPHOM KaHA/E
npednazaemcs popmuposams e sude nepuodu4eckoli N0C1ed08aMeENLHOCMU WUPOKONOAOCHBIX UMNY/6CO8.

Llene pa6omel. AHanu3 pabomel CneKmpoaHaAU3amopa ¢ Nepuoou4eckUM ONOPHLIM CU2HA/IOM.

Mamepuansi u MemoOdel. AHO/U3 OCHOBAH HO 8bIBOOE MAMEMAMUYECKO20 8bIPAXEHUS, ONUCHIBAIOU}E20 8AUSHUE
CMPYKMypsl 0NOPHO20 CU2HANA HO 8bIXOOHOU CU2HA/A CNeKMPOaHAAU3amMopa 05 Cay4yaes npuMeHeHUs gomonpu-
eMHUKQ M2HO8eHH020 delicmaus U pomonpueMHUKA C HaOKON/eHUeM.

Pe3yabsmamel. [10Ka3aHO, YMO 3711 CNeKMPOAHOAU3AMOpPA C HoMonpUeMHUKOM M2HO8eHHO20 delicmeusi nepuodUYHOCMb
0NOPHO20 CU2HAO/A He npusodum K yxyouleHuro xapakmepucmuk. OOHOKO makoll eapuaHm npu 60a6WOM Koaudecmee
mouek paspewieHuss 8 4acmomHol 061acmu HeyenecoobpaseH ¢ NPakmMuYeckol moyku 3peHus, mak Kak mpebyem napas-
fefbHol 06pabomku CU2HONA Ka0020 pomonpueMHUKA MPakmom ¢ puasmpayued, ycuneHuem u oyudpoekod. lMpu uc-
nosb308aHUU GOMONPUEMHUKA C HOKONEHUEM Npoyecc HaKonsaeHus 3apsoa npueodum K GopMuposaHuro ouckpemHol
Cemku yacmom, Ymo 03Ha40em Ha/Au4Ue NPonyckoe CU2HAN08 No Yacmome. YCMAHOB/eHO, Ymo U36exame 3mo20 MOX-
HO, 8bI6UPOSA 8peMS HAKON/AEHUS, PasHoe MUHUMO/IbHOMY Cpedu 3Ha4YeHUl epeMeHHOU anepmypb! aKycmoonmu4eckozo
MOOYAIAMOopa U nepuooa cu2HaAa. Peanuzayus mako2o 8apuaHmMa Ha NPAKMUKe UBO HEBO3MOXCHA HO COBPEMEHHbIX ¢O-
monpueMHUKax C HaKonaeHueMm, 1Ubo npueooum K HaaUYUE0 NPoNnyckos No 4acmome uau epemeHu.

3aknroyeHue. [na obecnedeHUs pexcuma peassHo20 8peMeHU 8 20MOOUHHOM aKyCMoonmu4eckoM CnekmpoaHau-
3amope onopHelli cuzHan 00axeH 6bimb AU60 HenepuoduYeckUM, YmMo CMasum 80NpPocC 0 CUHMe3e nNooxodauezo
Cu2Hana, U600 He0bXx0AUMO UCNO0b308OME HOMONPUEMHUK M2HOBEHHO020 delicmeusi 8 sude AuHelku pomoduodos.

KntoueBble cnoBa: roMOAVHHbIN aKyCTOONTUYECKUIA CnekTpoaHanmsaTop, MHTepdepeHLMOHHbIA akyCTooNTu-
yeckui CneKkTpoaHanmsaTop, ONOPHbIA curHan, nHTepdepomeTp KOHra, AUcKpeTHas ceTka YacToT

Ana yutmposaHma: ApoHoB J1. A, JlobponeHckuii HO. C., YwakoB B. H. O BO3MOXHOCTM MCNOMb30BaHWSA Me-
PUOANYECKOTO OMOPHOrO C1rHana B roMOANHHOM aKyCTOOMTUYECKOM cnekTpoaHanusaTope // U3B. By3oB Poc-
cnn. PagnosnekTpoHuka. 2019. T. 22, Ne 3. C. 97-105. doi: 10.32603/1993-8985-2019-22-3-97-105

NcTouHUK PpnHaHCmpoBaHmA. ViHMLMaTMBHas paboTa.
KoH$NMKT nHTepecoB. ABTOPbLI 3aABNSIOT 06 OTCYTCTBUM KOHGANKTa MHTEPECOoB.

CraTtbs nocTynuaa B pegakumio 22.04.2019; npuHsaTa k nybavikaumm 20.05.2019; onybnvnkosaHa oHnaliH 27.06.2019

Introduction. Spectral analyzis devices based on
acousto-optic interaction and spatial Fourier-
transformation phenomena are characterised by their
high analyzis bandwidth [1]-[4], which is of interest
for solving problems of radio monitoring, as well as
in radio-electronic warfare signal detection devices.
Of greatest interest in this connection are acousto-
optical spectrum analyzers having spatial integration
(AOSSI) based on interference schemes [5]-[7], in
which optical heterodyning is carried out, allowing
the dynamic range of the device to be significantly
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increased (by 2 times when measured in decibels) in
comparison with simple AOSSIs used to record the
energy spectrum [2], [6]. Before the research papers
[5]-[7] were published, optical heterodyning was
performed to some nonzero frequency that assumed
the use of a photodiode array as a photosensing de-
vice followed by filtration, amplification and detect-
ing paths. The schemes proposed in these papers as-
sumed a shift to zero-frequency by introducing the
desired light beam modulation in the reference opti-
cal channel.
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Fig. 1. The scheme of the homodyne acousto-optic spectrum analyzer based on Young interferometer

With the advent of storage photosensors having a
high dynamic range, researchers [8] proposed the
implementation of a heterodyne circuit with a CCD
array photosensor, which, in addition to greatly sim-
plifying the device design, also allowed for a higher
frequency resolution. In the same paper it was pro-
posed to refer to such a spectrum analyzer as a ho-
modyne acousto-optic spectrum analyzer with spatial
integration (HAOSA)

The optical scheme for realizing optical hetero-
dyning could be made in form of an interferometer,
for example of the Mach-Zehnder or Young type.
Although the choice of interferometer type is arbi-
trary, let us consider a scheme based on a Young in-
terferometer (Fig. 1). Here, the HAOSA consists of:
1 —monochrome light source; 2 — collimating lens;
3 —dual-channel acousto-optic modulator (AOM);
4 —spherical lens; 5 — matrix photosensor (MPS) or
photodiode array.

It is appropriate to use a semiconductor or gas la-
ser as a light source 1. A generated diverging radia-
tion with wavelength A, is transformed into plane

wave by collimating lens 2. Next, a light beam illu-
minates an aperture of the dual-channel AOM. The

analyzing signal s(t) is applied to one channel of

this AOM 3, while the reference signal r(t)is ap-
plied to the other channel. After passing through the
AOM, the light beam is focused by spherical lens 4
in the plane of the photosensor (PS) aperture 5.

Aim of the research. The choice of the reference
signal is one of the key tasks in spectrum analyzis
due to its influence on such analyzer characteristics
as operation frequency range and amplitude-
frequency characteristics. At the same time, it is im-
portant to retain undistorted information about the

analysed signal spectrum. The authors of the research
papers [5]-[8] considered a periodical sequence of
chirped pulses or pseudo-random signals within the
spectrum, providing a uniform reference across the
wide-band frequency range. The results of operation-
al analysis of a HAOSA having a charge accumula-
tion photosensor and reference signals in a form of a
single chirp-pulse and a radio-pulse based on the
pseudo-random sequence are presented in [9], [10]. It
is shown that, despite the non-stationarity of the in-
stant spectrum of the reference signal, the result of
charge accumulation during a time period equal to
that of a single pulse propagated through the AOM
aperture allows information to be obtained concern-
ing the amplitude spectrum of the investigated signal.
However, the realization of such a short accumula-
tion time and PS output is limited by its operation
speed. Therefore, the question arises concerning the
capability of a HAOSA with reference signal provid-
ing long accumulation time.

HAOSA with quasi-periodical reference sig-
nal. Let us consider a numerical HAOSA model. The
source of radiation 1 and collimator 2 form the light

wave having intensity spatial distribution Eg (X, y).
This propagates through the AOM, to which ports the
analyzed signal s(t) and reference signal r(t) are
applied. Thus a spatial and temporal change of the

refractive index of the modulator crystal is created
according to the laws

X +L
Ns (X4, t)=nO+Ans[t— {/ J;
ac

X +L
Ny (X, t)=n0+Anr[t— 1v J
ac
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where ng is the undisturbed refractive index; An is

the amplitude of variation in the refractive index of
the medium; L is the half of the AOM aperture in the
direction of the acoustic wave propagation; v, is the

velocity of the acoustic wave in the AOM crystal.
The length of the acoustic wave in the vertical plane
is not considered since a sound field along this coor-
dinate is assumed to be uniform.

As a result of the diffraction, a light field is ob-
tained in the plane behind the AOM. The complex
signals of the light field intensity corresponding to
diffraction results can be written as follows

Es (%, Y1, t)=Eo (%, y1)x
xrec*{ﬁ, yl;_D/ZjeJ'mnghtte—Jms[t—(x1+L)/vaCJ; O
0

Er (%1, y1. t)=Eo (%0, Y1) %
Y1 ;?/Zjej@,ightte—jmr[t—(x1+L)/Vac], )

1, % €[-0.5; 0.5], y; €[-0.5; 0.5];
0 else

rect(x, yl):{

is the two-dimensional dimensionless rectangular
function of unit length and height; D is the distance
between centres of the acoustic beams; wjjgn¢ is the

circular frequency of the light wave; m is the index
of the light wave phase modulation.

There are two regimes of light diffraction on the
acoustic wave [11], [12]. A symmetrical diffraction
pattern having many diffraction orders is formed ac-
cording to the Raman-Nath diffraction regime. How-
ever, the single-diffraction-order Bragg diffraction
regime is more is more interesting from a practical
point of view. According to the latter regime, expres-
sions (1) and (2) could be written in form of the sum
of non-diffracted light and +1st order”. The following
expressions can be obtained using in (1) and (2) the
complex envelopes of the optic field signals and
well-known mathematical transformations [8], re-
taining only the terms of interest in the considered
problem:

=41
Ems (%4, Y1, t) = JEq (X1, ¥1)x

xrect(% D/Zj ( X1+L] e 1%t (3)

* Consideration of diffraction to -1st order is also correct.
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E#(le yi, )= on(Xl, y1)x

xrect ﬁ, y1+—D/2 \/ﬁr t_Xl_+L e_jQrt, (4)
2L Ho Vae

where h=sin?(m/2) is the diffraction efficiency of

light; $(t) and r(t) are the complex envelopes of ana-
lysed and reference signals, respectively; Qg, Q, are
the circular frequencies of analyzed and reference sig-
nals, respectively. The exponential multiplier in expres-
sions (3) and (4) represents the fact of the Doppler fre-
guency shift on the sound wave during the diffraction.
For further investigation, the only interesting case is the
equality of the carrier frequencies of analyzed and ref-
erence signals: Qg =Q, =Q.

The transformation of light carried out by the lens 4
and space segment, which length is equal to the lens fo-
cal length F is the spatial Fourier transformation [11],
[13]. Therefore, the complex envelope of the light field
intensity of the diffraction orders in the lens focal plane
can be described by the expression:

mep(p q, )

I jEmsr (X, 1. t)e J.pxlejwld)ﬂdxla ()

—00 —00

where

=41 241 =41 :
Enmis,r (%, Y1, t)=Ems (%0 Y1, )+ Emir (%, Y1, t);
p=kxy/F, q=ky,/F are the spatial frequencies

in the x,0y, plane and k is the wave number of the

light wave. The expression (5) describes the distribu-
tion of the light field in the photosensor plane as
placed in the focal plane of the lens 4.

Let us assume that the AOM is illuminated by
the uniform plane wave as described by

Eo (% y1)=const. Under these conditions, integra-
tion over the y; -coordinate in (5) is performed inde-

pendently of x;. Since the field distribution along the

vertical coordinate does not carry any information
about the signals x; we will further consider only y;

without loss of generality. Let us analyze the field
distribution in the photosensor plane by placing (3)
and (4) into (5):

msf (p, t)—l\/_e JQtHO><

L . Xl + L . Xl + L Jpx
xj S| t— +rt————|e'"tdx.
L Vac Vac
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The change of the variable is introduced
t=[t—(% — L)/ Vg |

Introducing the term T, =2L/v,. , which is the
time aperture of the AOM, as the signal
g(t)=s(t)+r(t), which is the sum of the complex

envelopes of analyzed and reference signals, we will
obtain:

Emsfp (x2,t)= Ae~ X eijZ(VaC_L)/F X
t -
y I g(v)e Nacko®/F g (6)
t-T,
where A combines the constants and it is taken into
account that p =kx,/F. The integral transformation

in (6) gives the sum GTa of instantaneous spectra STa
and RTa of analysed and reference signals, respective-
ly, in the time interval T, . Let us introduce the varia-

ble ©=v,ckx,/F and represent Gy as follows

t

Gr, (o )= [ g(r)e %=

t-T,
[ee]
= I g(r)rect(ﬂ]e_‘mdr:
o Ta
1 . .
=—G(0) ®Wyeet (o, 1), (7
27

where G(w) is the spectral function of ¢(t), i.e. the

sum of reference and analyzed signal spectra; "®" is
the symbol of the convolution over o variable;

Wrect (@, t) == aSinC((,oTa/Z)e_jw(t_Ta/z)

is the spectral function of the window sliding along
the timeline, which describes the signal propagation
along the AOM aperture.

Strictly speaking, GTa (w,t) in (7) depends not

on o, but on ®', which is used in convolution. With
that in mind, expression (7) could be transformed
further

Gr. (o, E‘[)=i j G(0)Weet (0 -0, t)do=
a 2n =

efju)’(tha/Z)
=—Tp——x
271

x j G(w)sinc[(m’—m)Ta/Z:le_jm(t_Ta/Z)d(n.

The distribution of the radiation intensity in the
focal plane of the lens 4 could be obtained as a
square of the absolute value of (6), that gives:

(0!, ) =IA" G, (o', O]
=IAP|Sr, (@, 0] + A% Ry, (o' 0 +
+2lAP Re($y, (o', DAY, (0, 1)} =
=Ws, 1, (o', t)+Wp 1 (o, 1)+

+ 57, (o) D|[RE, (@, 1)
XCOS|:(PS, T, (o, t)_(Pr, T, (o, t)]: (8)

where W T, W 7, are the instantaneous power

X

spectrum densities of analyzed and reference signals
correspondingly; g T, ¢rT, e the instantane-
ous phase spectra of analysed and reference signals
correspondingly; "™*" is the symbol of complex con-
jugation. Since it is only the last component of this
expression that allows the amplitude spectrum of the
analyzed signal to be obtained, the others can be dis-

carded. At the same time, RTa must provide the uni-

form reference in the frequency band. The expression
for Ry is:

e—jm'(t—Ta/Z)

RTa ((D,, t) = —Ta Z—TCX
x I R(m)sinc[(w’—co)Ta/Z]e_jw(t_Ta/z)dm. (9)

Let us analyse RTa for two cases of radiation de-

tection: using the continuous photosensor and using
the photosensor with accumulation.

HAOSA with continuous photosensor. In this
case, the output signal of the photosensor is propor-
tional to the radiation intensity. Let us assume that the

signal to be analyzed has STa = const, while the ref-

erence signal r(t) is the periodical sequence of the
wide-band pulses having period T, . Then the spec-

trum R(w) is discrete and can be represented by the
single pulse spectrum Rs_p (w)as

R((D)=_I_i Y. Rep(iop)d(o—iop),

lNi=—o
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where o, is the pulse repetition frequency. Then (9)
can be written as

Tr 2n
x i Rs.p (iwr)sinc[(m’—imr )Ta/z]e—jio)r(t—Ta/z).

j=—0

X

R.Ta (('0" t) ==

It can be easily seen that the sum in the obtained
expression is reduced to the Kotelnikov series if the

pulse period T, is equal to the time aperture T, . For
this reason, a continuity and a uniformity of the sin-
gle pulse amplitude spectrum Rs_p(oa) could be in-

terpreted as a continuity and a uniformity of the in-
stantaneous spectrum of the pulse sequence in the
time window T,. This means that the amplitude
spectrum of the analyzed signal in (8) is multiplied
by the continuous function, which form is defined by
the amplitude spectrum of the single pulse of the se-
quence. This approach was presented in [2], [5]H7],
where, however, the necessity of organizing the quadra-
ture channel is not taken into account due to the pres-
ence of the spatial carrier in the last component of (8).
HAOSA with photosensor with accumulation.
Let us now consider the case of the photosensor with

accumulation. Denoting the accumulation time as T,

we investigate the influence of RTa considered as the

multiplier by accumulating charge. We still assume that
STa =const. Let us rewrite (9) as

Rr, (o, t)=
Ta

o0 -
=-3 I R(m’—co)SinC(coTa/Z)G_Jw(t_Ta/Z)doo.
21
—00
The accumulation in PS is equivalent to the time

integration that gives the charge distribution:

Tq

Q((D’) = A2 I RTa (0)', t)dt =
0

Tg o0 .
=M j I R(o' - oo)sinc(ooTa/Z)e_Jm(t_Ta/Z)doodt,
0 —oo

where A, combines variables that are non-

significant for the problem under consideration. Let
us transform obtained expression and change the or-
der of integration over the time and the frequency
during this transformation

102

Q((D') = A2 X
T

w0 q ) T _jm(t_Tij
xj jR(w’—co)Sinc(oo—aje 2)dtdw =
-0 0 2
w )
. Joi t
=hA '[ R(m’—m)sinc(mT—a) j e 2 /dtdo =
2 0

—00

= Ag_I {F\"(w' - o))sinc(w—T‘"jsinc(wzq Jx

2
Tq~Ta

xe“'“’[zj}dm:%m@)@#(@), (10)

where Ag is the new constant;

T, oT, —jm[@j
F'(oo)zsinc[%jsinc(que 2 /. 1)

Thus, the reference formed during the charge ac-
cumulation is the convolution of the reference spec-
trum R(w) and the function F(w). If the accumula-
tion time Tq is much greater than the AOM time ap-

erture T, , that is usual in practice, and T, =T, then
the second width of the central peak, narrower sinc-
function defines F(w). The greater accumulation

time the narrower this peak. The function R(w) is
discrete in the case of the periodical reference signal,

and the -function discretes are replaced by F (o)

after the convolution with F(w). This means that in
the case of the photosensor with accumulation the
reference signal in form of the wide-band pulse se-
guence provides the quasi-discrete reference in the
spectrum range (Fig. 2) and the signal omissions are
possible.

Let us perform the numerical investigation using
obtained expressions. For this purpose, we will as-
sume that AOM time aperture T, =1 ps [11], [12],

[14]. The accumulation time T is assumed to be

equal to the time of signal output from PS. The pixel
quantity in PS string is equal to 1000 [15], [16],
while the minimum required quantity of strings for
reading is 3 [17] or 4 [18]. The charge read time and
the accumulation time is 75...100 ps if the output
speed is equal to 40 MHz. The calculation using (10)
in the case of T, =T, gives the quasi-discrete fre-

quency grid with discrete width measured in zeros no
more than 27 kHz and the distance between the dis-
crete maximums being equal to 1 MHz.
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Fig. 2. Homodyne acousto-optic spectrum analyzer frequency-response characteristic for case of quasiperiodic reference signal

It is also necessary to consider the discrete struc-
ture of the MPS, whose photosensitive area does not
occupy the whole pixel surface. This leads to an ad-
ditional discretization of the charge distribution; con-
sequently, the distortions of the analyzed signal am-
plitude spectrum are sufficient. Analyzing (11), it can
be shown that the effect of the quasi-discrete fre-
quency grid disappears in the following cases. In the
case of an increase of the pulse period up to the val-

uesTq, asingle period of the reference signal is equal

to the accumulation cycle and the discrete structure
does not appear. Additionally, in the case of a de-

crease of the accumulation time Tq down to the

AOM time aperture T, , the function F(w) becomes

relatively wide such that the convolution result in
(10) will be a continuous function of frequency. The
pulse width of the reference signal must be equal to
T,. Meanwhile, if the time of signal output from PS

exceeds the accumulation time then the spectrum an-
alyzer will omit signals in time.

Conclusion. Thus, the periodic sequence of the
wide-band pulses can be used as a reference signal if
detection of the optical radiation in HAOSA is per-
formed by a continuous photodiode array. A modern
AOM could provide [14] up to 2000 resolution ele-
ments in the frequency domain and three photodi-
odes are required for each element [1]. In this case,
the photodiode array consisting of 6000 photodiodes

is required. From a practical point of view, it is not
feasible to individually amplify, filter, detect and dig-
italise output signal of each photodiode. Moreover,
the fact that modern linear PS have no more than
100...300 elements [19] results in the impossibility of
realising the otherwise potentially achievable spectrom-
eter frequency resolution. Conversely, HAOSA
schemes with PS Photosensors are of interest due to
having an accumulation and serial output with up to
16 thousand elements in the string [20].

The analysis represented in this paper shows that
it is necessary to set the accumulation time to be
equal to the lowest value of the AOM aperture time
and the pulse period in the case of utilisation of
HAOSA with photosensor with accumulation. In the
first case, the time required for output of 6000 values
of the charge could be significantly greater than the
accumulation time, with the result possibility that the
spectrum analyzer will operate in the omitting re-
gime. In the second case, an equality of the pulse pe-
riod and the accumulation time of the signal omis-
sions is possible if the pulses are sufficiently narrow;
additionally, omissions in frequency could emerge if
the pulse width and period are equal. Therefore, the
reference signal of HAOSA cannot be periodic if fre-
guency or time omissions are unacceptable. This
poses the problem of wideband nonperiodic signal
synthesis, which would be capable of providing the
operation of HAOSA without omissions.

REFERENCES

1. Vander L. A. Optical Signal Processing. N. Y., Wiley
Interscience, 2005, 604 p.

2. Wilby W. A., Gatenby P. V. Theoretical Study of the
Interferometric Bragg-Cell Spectrum Analyser. IEE Pro-
ceedings | - Optoelectronics. 1986, vol. 133, iss. 1,
pp. 47-59. doi: 10.1049/ip-j.1986.0007

3. Olbrich M., Mittenzwei V., Siebertz O., Schmull-
ing F., Schieder R. A 3 GHz Instantaneous Bandwidth
Acousto-Optical Spectrometer With 1 MHz Resolution.

18th Int. Symp. on Space Terahertz Technology. March,
21-23, 2007, Pasadena, CL, USA, pp. 231-235.

4. Saleh B. E. A., Teich M. C. Fundamentals of Pho-
tonics. New York: John Wiley & Sons, 1991, 947 p.

5. Vander L. A. Interferometric Spectrum Analyser.
App. Opt. 1981, vol. 20, no. 16, pp. 2770-2779. doi:
10.1364/A0.20.002770

6. Shah M. L., Young E. H., Vander L. A,, Hamilton M.
Interferometric Bragg cell spectrum analyser. 1981 Ultra-

103



PaagnopoToHMKa
Radio-photonic Technology

sonics Symp. 14-16 Oct. 1981, Chicago, IL, USA. Piscataway,
I[EEE, 1981, pp. 743-746. doi: 10.1109/ULTSYM.
1981.197720

7. Shah M. L., Teague J. R, Belfatto R. V., Thom-
son D. W., Young E. H. Wideband interferometric acousto-
optic Bragg cell spectrum analyser. Proc. Ultrasonics
Symp. 14-16 Oct. 1981, Chicago, IL, USA, Piscataway,
IEEE, 1981, pp. 740-742. doi: 10.1109/ULTSYM.1981.197719

8. Grachev S. V., Rogov A. N., Ushakov V. N. Homo-
dyne Acousto-Optic Spectrum Analyser With Spatial and
Temporal Integration. Radiotekhnika [Radioengineering].
2003, iss. 4, pp. 23-28. (In Russ.)

9. Aronov L. A., Ushakov V. N. Homodyne Acousto-
Optic Spectrum Analyser with Chirp Pulse as a Reference
Signal. Journal of the Russian Universities. Radioelectron-
ics. 2013, vol. 16, no. 5, pp. 59-65. (In Russ.)

10. Aronov L. A., Ushakov V. N. Homodyne Acousto-
Optic Spectrum Analyser with a Continuous Binary
Phase-Shift Keyed Radio Signal as a Reference Signal.
Journal of the Russian Universities. Radioelectronics.
2014, vol. 17, no. 6, pp. 13-16. (In Russ.)

11. Acousto-Optic Signal Processing: Theory and Im-
plementation. Ed. by Norman J. Berg, John M. Pelligrino.
New York, Marcel Dekker, inc, 1996, 580 p.

12. Balakshii V. I, Parygin V. N., Chirkov L. E. Fisiches-
kie osnovy akustooptiki [Physical Basics of Acousto-
Optics]. Moscow, Radio i svyaz', 1985, 279 p. (In Russ.)

13. Goodman J. W. Introduction to Fourier Optics.
New York, McGRAW-Hill, 2017, 456 p.

14. The property of crystal technology. Available at:
https://goochandhousego.com/wp-content/uploads/2013/
12/4200_UV_97_002890_02_Rev_A.pdf (accessed 21.05.2019).

15. CCD area image sensor S12101. Available at:
https://www.hamamatsu.com/resources/pdf/ssd/s12101_km
pd1176e.pdf (accessed 02.04.2019).

16. IT-L7-04096 4K trilinear RDB CMOS. Available at:
https://www.teledynedalsa.com/en/products/imaging/ima
ge-sensors /it-I7-04096-4k-trilinear-rgb-cmos/ (accessed
02.04.2019).

17. Aronov L. A, Ushakov V. N. Quadrature Compo-
nents Forming Method for Homodyne Acousto-Optic Spec-
trum Analyser. Journal of the Russian Universities. Radioe-
lectronics. 2019, vol. 22, no. 2, pp. 53-61. doi:
10.32603/1993-8985-2019-22-2-53-61

18. Egorov Yu. V., Dmitriev Yu. S., Dernov V. M., Gra-
chevS. V., Odintsov A. Yu., Kruglov I. A., Fedorov B. V.
Avtomatisirovannyi akustoopticheskii spektrometr-fazometr s
tsifrovoi obrabotkoi dvumernogo svetovogo raspredeleniya.
Akustoopticheskie ustroistva obrabotki informatsii [Automated
Acousto-Optic Spectrometer - Phase Meter with Digital
Processing of a Two-Dimensional Light Distribution. Acous-
tic-Optical Information Processing Devices]. Leningrad, FT/,
1989, pp. 73-77. (In Russ.)

19. Photodiode arrays with amplifiers. Available at:
https://www.hamamatsu.com/resources/pdf/ssd/s11865
-64g_etc_kmpd1135e.pdf (accessed 02.04.2019).

20. IT-K1-16480 16K Single Line Monochrome CMOS.
Available at: https://www.teledynedalsa.com/en/products/
imaging/image-sensors/it-k1-16480-16k-single-line-
monochrome-cmos/ (accessed 02.04.2019)

Leonid A. Aronov — Master’s Degree in Telecommunications (2006), Senior Lecturer of the Department of
Theoretical Bases of Radioengineering of Saint-Petersburg Electrotechnical University "LETI". The author of 21 scientific
publications. Area of expertise: optical information processing.

https://orcid.org/0000-0003-2332-7826
E-mail: Aronov.tor@gmail.com

Yurii S. Dobrolenskii — Cand. of Sci. (Phys.-Math.) (2008), Senior Researcher of the Space Research Institute
of the Russian Academy of Sciences. The author of 60 scientific publications. Area of expertise: acousto-optics;
physical optics; radio physics; fluctuation physics; atmospheric physics; space engineering; physics of planets.

https://orcid.org/0000-0003-4960-2232
E-mail: dobrolenskiy@iki.rssi.ru

Victor N. Ushakov — Dr. of Sci. (Engineering) (1992), Professor (1994), Head of the Department of Theoretical
Bases of Radioengineering of Saint-Petersburg Electrotechnical University "LETI". The author of more than 200 scientific
publications. Area of expertise: optical information processing.

E-mail: VNUshakovl@mail.ru

CMMNCOK JIMTEPATYPbI

1. Vander L. A. Optical signal processing. New York:
Wiley Interscience, 2005. 604 p.

2. Wilby W. A., Gatenby P. V. Theoretical study of the
interferometric bragg-cell spectrum analyser // IEE Pro-
ceedings | - Optoelectronics. 1986. Vol. 133, iss. 1. P. 47-
59. doi: 10.1049/ip-j.1986.0007

3. A 3 GHz instantaneous bandwidth Acousto-
Optical spectrometer with 1 MHz resolution / M. Olbrich,
V. Mittenzwei, O. Siebertz, F. Schmulling, R. Schieder //

104

18th Int. Symp. on Space Terahertz Technology. March,
21-23, 2007, Pasadena, CL, USA. P. 231-235.

4. Saleh B. E. A, Teich M. C. Fundamentals of pho-
tonics. New York: John Wiley & Sons, 1991. 947 p.

5. Vander L. A. Interferometric spectrum analyser //
App. Opt. 1981. Vol. 20, Ne 16. P. 2770-2779. doi:
10.1364/A0.20.002770

6. Interferometric Bragg cell spectrum analyser
/ M. L. Shah, E. H. Young, L. A. Vander, M. Hamilton
// 1981 Ultrasonics Symp. 14-16 Oct. 1981, Chicago, IL, USA.



M3BecTua By30B Poccmn. PagnosnektpoHuka. 2019. T. 22, Ne 3

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 3

Piscataway: IEEE, 1981. P. 743-746. doi: 10.1109/ULTSYM.
1981.197720

7. Wideband interferometric acousto-optic Bragg cell
spectrum analyser / M. L. Shah, J. R. Teague, R. V. Belfatto,
D. W. Thomson, E. H. Young // Proc. Ultrasonics Symp.
14-16 Oct. 1981, Chicago, IL, USA. Piscataway: IEEE,
1981. P. 740-742. doi: 10.1109/ULTSYM.1981.197719

8. lpaues C. B., Poros A. H., Ywakos B. H. lTomoanH-
HbIl aKyCTOONTUYECKUA aHanmMsaTop crnekTpa C npo-
CTPAHCTBEHHbLIM U BPEMEHHbIM WHTerpuposaHuem //
PagmoTtexHuka. 2003. Bein. 4. C. 23-28.

9. ApoHos J1. A,, Ywwakos B. H. TOMOAWHHBIN akycTo-
ONTUYeCcKNn cnekTpoaHanmsatop ¢ JIYM-umnynbcom B
Kayectse ornopHoro curHana // N3B. BysoB Poccun.
PaanosnekTpoHumka. 2013. Ne 5. C. 59-65.

10. ApoHos J1. A, Ywakos B. H. ToOMOAVHHBIN aKy-
CTOONTUYECKNIA CreKTpoaHanmM3aTop C HernpepbiBHbIM
61HapHbBIM Pa3oMaHUMyAMPOBAHHbLIM PAANOCUTHANIOM B
Kayectse oropHoro curHana // W3B. By3oB Poccuw.
PagnosnektpoHuka. 2014. Ne 6. C. 13-16.

11. Acousto-optic signal processing: theory and im-
plementation / ed. by N. J. Berg, J. M. Pelligrino. New
York: Marcel Dekker, inc, 1996. 580 p.

12. banakwwuii B. W., MapbirnH B. H., Ynpkos J1. E.
®usmyeckme 0CHOBbI akycToonTukn. M.: Pagmno un cesi3b,
1985. 279 c.

13. Goodman J. W. Introduction to Fourier Optics.
New York: McGRAW-Hill, 2017. 456 p.

14. The property of crystal technology. URL:
https://goochandhousego.com/wp-content/uploads/2013/

12/4200_UV_97_002890_02_Rev_A.pdf (aaTta obpalyeHuns
21.05.2019).

15. CCD area image sensor S12101. URL: https://www.
hamamatsu.com/resources/pdf/ ssd/s12101_kmpd1176e.pdf
(aaTa obpaweHns 02.04.2019).

16. IT-L7-04096 4K trilinear RDB CMOS. URL: https://www.
teledynedalsa.com/en/products/ imaging/image-sensors
/it-17-04096-4k-trilinear-rgb-cmos/  (gata obpallieHus
02.04.2019).

17. ApoHos /1. A., Ywakos B. H. MeTog dopmumpoBaHuns
KBaApaTypPHbIX KOMMOHEHTOB CMeKTpa B rOMOAVHHOM aKy-
CTOOMTMYECKOM crnekTpoaHanmsaTope // N3.. By30B Poc-
cnun. PagmnosanektpoHuka. 2019. T. 22, Ne 2. C. 53-61. doi:
10.32603/1993-8985-2019-22-2-53-61

18. ABTOMaTU3MPOBAHHbIA aKyCTOOMTUYECKUIA Crek-
TpomeTp-pasomeTp ¢ undpoBoi 06paboTKoM ABYMEPHOIO
cBeToBOro pacnpegeneHus / 0. B. Eropos, tO. C. AMuT-
pves, B. M. flepHos, C. B. I'paues, A. 0. OanHuos, U. A. Kpyr-
no., b. B. ®egopos // AKycToonTMYeckme yCTpoincTBa obpa-
60TKM MHOPMaLWMK: €b. Hayu. Tp. / TUL. J1., 1989. C. 73-77.

19. Photodiode arrays with amplifiers. URL:
https://www.hamamatsu.com/resources/pdf/ssd/s11865-
64g_etc_kmpd1135e.pdf (zaTta obpaiieHus 02.04.2019).

20. IT-K1-16480 16K Single Line Monochrome CMOS.
URL: https://www.teledynedalsa.com/en/products/ imaging
/image-sensors/it-k1-16480-16k-single-line-monochrome-
cmos/ (pata obpaleHunsa 02.04.2019)

Aponoe Jleonuo Auopeeeuy — Maructp TEXHUKH W TEXHOJIIOTMM IO HampaBieHuio "TenekomMmyHukauuu"
(2006), crapmuii npenogaBatess kKadeapsl TEOPETHUECKUX OCHOB paanoTexHuku CaHkT-IlerepOyprckoro rocynap-
CTBEHHOTO 3JIeKTpoTexHrueckoro yHuBepcuteta "JIOTU" um. B. U. Yiubsunosa (Jlenuna). ABtop 21 HaydHo# pabo-
11 Chepa HayIHBIX HHTEPECOB — ONTHUYECKasi 00paboTKa nHpOpMALNH.

https://orcid.org/0000-0003-2332-7826
E-mail: Aronov.tor@gmail.com

Hooponenckuir IOpuii Cepzeesuu — xanaunat ¢uznko-matemMaTrnueckux Hayk (2008), crapmuii HaydHBIH CO-
TpyAHUK MHCTHTYTa KOCMIYeCKUX ucciienoBanuii Poccutickoii akanemun Hayk (MKW PAH). ABtop 60 HaydHBIX
pabot. Cdepa HayIHBIX HHTEPECOB — aKyCTOONTHKA; (hU3MUYECKas ONTHKA; paanodusnka; pusnka konedbanuit; Gu-
3MKa aTMOC(epbl; KOCMUYECKOe IIPHOOPOCTpOeHHUE; (DU3HKA TUIAHET.

https://orcid.org/0000-0003-4960-2232
E-mail: dobrolenskiy@iki.rssi.ru

Yuwaxoe Buxmop Hukonaesuu — noxtop TexHmdeckux Hayk (1992), mpodeccop (1994), 3aBeqyrommuii kadenpoit
TEOPETHYECKUX OCHOB panroTexHUkn CaHKT-IleTepOyprckoro rocyapcTBEHHOTO AIEKTPOTEXHUUECKOTO0 YHUBEPCUTETA
"JIOTN" mm. B. U. YuesaroBa (Jlennna). ABtop 6osee 200 HaywaHbIX padoT. Cdepa HaAyIHBIX HHTEPECOB — ONTHIECKAS

00paboTka nHpOpPMAIHH.
E-mail: VNUshakovl@mail.ru

105



