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Abstract: The spatial resolution of a conventional imagirdati system is constrained by
the diffraction limit of the telescope’s apertuidie combination of the lidar and synthetic
aperture (SA) processing techniques may overcomadliffraction limit and pave the way
for a higher resolution air borne or space bornmote sensor. Regarding the lidar
transmitting frequency modulation continuous-walvBICW) signal, the motion during the
transmission of a sweep and the reception of theegponding echo were expected to be
one of the major problems. The given modified Omégalgorithm takes the continuous
motion into account, which can compensate for tbpper shift induced by the continuous
motion efficiently and azimuth ambiguity for thenlgulse recurrence frequency limited by
the tunable laser. And then, simulation of Phaseee3c (PS) distorted by atmospheric
turbulence following the von Karman spectrum byngdtourier Transform is implemented
in order to simulate turbulence. Finally, the comapsimulation shows the validity of the
modified algorithm and if in the turbulence the thwtic aperture length does not exceed
the similar coherence length of the atmosphereS#iL, we can ignore the effect of the
turbulence.

Keywords. Synthetic aperture, lidar, FMCW, Omega-K algorithiphase screens,
coherence length of atmosphere.
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1. Introduction

A conventional optical imager is limited in spatiakolution by the diffraction limit of the telesm
aperture [1]. In practice there are many factorghit limit attempts to improve the resolution by
increasing the telescope aperture. Synthetic ajgef8A) techniques that are well known in microwave
imaging can increase the resolution beyond theadififon limit of the receiving aperture. And the
spatial terminal resolution of synthetic apertuadar in azimuth is limited by the wavelength of the
carrier. Consequently research on the applicatio8A techniques to the optical domain, enabling
fine-resolution, two-dimensional, active imagingaaibng range with small diameter optics is of grea
value.

A number of fundamental but innovative synthetierre experiments in the optical domain were
performed [2-4].Some prior research relates to SA processing ircalpivavelengths for rotating
objects like inverse synthetic aperture radar (I3AR microwave [2]. Some experiments in the
principle of synthetic aperture radar (SAR) werecassfully demonstrated in laboratory [3]. If we
want to bring the experiments to the outside foigloange application, e.g., air-borne or space4orn
synthetic aperture imaging lidar (SAIL), many efeshould be taken into account [5].

Fortunately, we can learn experience from SAR, #&ureafield that was developed to construct
microwave images of high resolution by use of amésnof reasonable size. The spotlight model SAR
allows the generation of images with a high geoynedsolution. If we make SAIL work in spotlight
model, amazing resolution can be obtained. SineeSHIL system uses continuous wave (CW) form
while pulses are used in the SAR system [6], we m@indirectly make use of conventional SAR
techniques like the model that Karr has describeltis analysis [7]. And as a result of the contumio
wave, we can not provide a high pulse recurrenequigncy (PRF), which will lead to azimuth
ambiguity [8] in the spotlight model of the SAILstgm.

In this paper, the FM-CW SAIL signal processinglveké addressed and the response to a point
target will be developed first. Then, a modified &ya-K algorithm will be derived for the CW signal
in the spotlight model. Finally, computer simulatiwill show the validity of the modified algorithm.
Considering the effect of the atmosphere that icgythas potential to do harm to SAIL resolutionet
wave distortions caused by atmospheric turbuleniieow simulated by means of phase screens, and
analysis in provided.

2. FMCW SAIL signal and definition of imaging geometry

This section derives an analytical developmenthef dechirped signal [here by “dechirped” we
mean heterodyning the return chirped signal wiginailarly chirped local oscillator (LO)], which is
the FMCW SAIL signal in the two-dimensional time ndan without using the stop-and-go
approximation that is assumed in a conventionaguiSAR system.

Figure 1 shows the frequency versus time charatitesiof the transmitted signal (solid line) and
the received signal (dashed line).The receivedasigna delayed version of the transmitted one. The
lidar continuously transmits linear FM chirps witbrationT, equal to the pulse repetition intenRiRI
and the reciprocal @RF. The transmitted signal is expressed as
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S =AD1ect{L:|exp(j Zr(fc+1yf2 )j (1)
T, 2
where-T /2<t<T, /2 the chirp ratg.=B/PRI , whereBis the transmitted bandwidth anidis the
center frequency. The envelope of the transmitiddepand the antenna diagram are included in the
parameter A with a constant phase but a varyindiardp.

For typical pulsed SAR systems the pulse lerigtis sufficiently short that the radar is assumed
stationary during the transmission and the receptiothe signal. This is the so-called “stop-and-go
approximation to the case when the platform, sichraaircraft, is flying. It appears as if it stedp
sent a pulse, received it and then moved to thé pesition. Conventional SAR algorithms make use
of this assumption. If the duration of the pulsénisreased, the approximation can not be considered
valid any more. In the case of FM-CW SAIL, this eppmation may no longer be valid because
relatively long sweeps are transmitted.

Figure 1. FMCW signal in frequency-time domain. Figure 2. SAIL system geometry.
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Figure 2 shows the basic geometry of a spotlightlenof a SAIL system. The platform with a
transmitter—receiver module moves across the stiathperture, namely the azimuth direction, with
speedv perpendicular to the line of sight (LOS), namdig tange direction. The beamwidthristhe

height of the platform is, the range from the target center to the sampdipgrture pupil antenna
phase center (APC) at the closest approach ,iand R is the sampling-aperture-pupil-dependent

R =R({.t,) =R + (M +,)* (2)
where,vt indicates that the stop-and-go approximation isvadd any more, sind® depends only
ont_ in a conventional SAR system. Hegre nT,, namely the time of the recording during the sgtith

distance to the point target:

aperture timg_, i.e.tmu{—%ﬁ,%ﬁ] And considering the effect of the atmosphere,cae obtain the

value of the phase error through the turbulenceersame way as in [9, 10].
@xy) = F{o(f,.1,)} -
- F{0.0005$@5/3( f><2+ fy2+ foz)-llle}
where,F is the Fourier transforme(f ,f)is the power spectral density of the refractiveeind

fluctuations of the atmosphere (using the von Karmmodel) and, is the similar coherence length of
atmosphere defined by Karr [4]. The variablgandf are the spatial frequencidgs=27/L,, andL,is
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called the outer scale. Due to the fact that theeseterror is a nonparametric error, it is hardufoto
give the exact expression. In the simulation, wangform the phase erra(xy) to the

variablear by Ar :%/l . Thereforer =R +Ar, andr'is the real distance form the pupil to the point,

which is like the way of dealing with the motiontbe platform [6]. Here, we ignore the phase efifor

we choose a right synthetic aperture length) ineortb simplify the derivation. Then we
replacer byR in the subsequent section, which dose not affecattalysis.

So the received signal can be written as

S5 =ADiect[f_;T]exp(j 277( f (t—r)+%y(f—r)2n (4)

p

which is a replica of the transmitted signal dethyyr ,whererz%, cis the speed of light, and 2

stands for the round-trip. In the same way, theregfce signal can be written as:

S¢ = Aljiect(f_:’ef ]E(%xp(j 21( f. (t—rrd)+%y(f—rrd )Zj] (5)

T
, andr, could be zero or an arbitrary but fixed value.His ppaper, we chood$® as the

wherer,, =

2R«

Cc
slant range distance of the scene center at bbtepigsition ask, . In this heterodyne detection
system, the received and the referenced signacfiwdan be the transmitted signal or its delayed one
are mixed. In the receiver, the received signaldésnodulated with the reference signal. The
demodulation results in the beat signal

S = S [Bg
t-2R /c 4 4 , 2 4 (6)
=Amec{T—R]maxp[—JT”ijex{—Jﬂ R-R -2 Joexh | 4 g R )
P C C C
In the equation, the first exponential term is Bappler modulation in azimuth and the second term

represents the range signal, which is a sinusgidahl with a constant frequency correspondindnéo t
azimuth dependent distance to the point taRgeand the last exponential term represents thduabi
video phase (RVP) term, and can be ignored fdoitg sweeps, i.e., a small chirp rate.

Starting from the square root expression for raegeation (2), it is useful to make the

approximation:

VA, -
mt 7
R(,) 7

whereR(t, ) =R +(vt.)? . This approximation is valid for a CW model, sirtbe terms higher than the

second order in the series expansion (7) are vaajlsThen the Doppler shift effect, induced by the

continuous motion within the sweep, can be exprease
2 0dR _ 2 Vi, 2 _

—LE=-fEim = Sygosd= T, 8)
A df A Rt,) A

wherei is the carrier wavelengti®is the Doppler cone angle between the antennaiteh@ctor and

the radar line of sight to the target center, and the Doppler frequency in azimuth right equathe
Doppler shift f, which must be compensated, otherwise it will affiecage location and geometric

R=R(.t,)=R(,)+

fy =

fidelity, and result in distortion.
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In a SAIL system, the effects induced by the camius motion are very small
in exp(—j%”y(R _RS)[f_ZT&]]’ so they can be replaceddm[—j%y(R([m )—&)(f—z_&]] in equation

c

(6). So ignoring RVP through range deskew, theadipecomes:

f t-2R/C+2/%, /AR _ ATV, _ Ay fo - 2R
s(t,tm)—ADiect( T ]@x;{ i —R(tm)t][bx;{ i= R(, FR )(7+t . ﬂ 9)
The term% of the envelope is small compared to the delapefsignal and can be ignored.

The fist exponential term is the Doppler shift indd by continuous motion. Here, we make use of
the following several simplifying assumptions, @liwhich can be eliminated by suitable methods,

I.  The laser is frequency chirped for range resolution

II. The laser is modeled as a scalar wave field (nicaptolarization).

lll. The image effects of noise, laser speckle [11].

3. Modified Omega-K algorithm
3.1 Azimuth preprocessing

First of all, we take the azimuth ambiguity mendadnabove into account. As we know, the
ambiguity is induced by a smaller PRF than the a#inbandwidth in the spotlight case. A way to
overcome this limitation of PRF is based on thecspé analysis technique [8]. The aim of this

preprocessing is to eliminate the azimuth ambiguitizer than focus the image. So we just needyo pa

attention to the second exponential teknE—j 47?

°R¢, )j in equation (9). The received signal can be

represented in a simplified form by [12] using doa(7):
_ tm ~ i center _ 2_V2 2 |_ U ~ i center _ i, 42
S, = rect[—_l_ J@x;{ j R tm] = rect[—_l_ J@xp( jkatm) (20)

a a

2
wheret,, . IS the center of, , andk, =%B, namely the azimuth chirp rate [6].

The key step of azimuth preprocessing is a consariutperation between the sigrglin (10) and
the following quadratic phase signal:

Sa,ref = eXF{_ jka,ref tr%) (11)
This convolution operation can be represented by:
Sconv = Sa D Sa,ref = exp(jnka,reftri)jsa bedjnka,ref TZ)DeXé—j Zka;’ef Ttm)dr (12)

And leads to a bulk azimuth raw data compressiahrdgduces the azimuth signal bandwidth.

Let us now consider the discrete domain implemantaif the azimuth preprocessing step, which is
particularly due to the sampled characteristicdhaf raw signal, and rewrite the equation (12) as
follows:
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Q/2-1

Sonv (MAL" R) = > s (A, R)S, o (nAt"—iAt',er)
i=—Q/2
Q/2-1

= exp(jkayref (nAt")z) > s, (it Ry) ex;(jka,ref (iAt’)Z) ex;é—j 2K, o nAt"iAt') (13)

i=-Q/2

n=-B/2,...B/2-1
where At' =1/ PRF ,the original pulse repetition intervadis the raw signal azimuth pixel number,
At" is the pulse repetition interval of the output sigmandB is the output signal azimuth pixel number.

If we assume:
1

kAt

=PAt", and PON (14)

We finally rewrite eq. (13) as follows:
Soms (N, R,) = exp{ Jk, . (nA1")7) DFT | 5, (iAt" R,) exi{ i, o (i2t)’) | (15)
n=-P/2,..,P/2-1
where the symbobFT[(irepresents the discrete Fourier transform operatca. word, this operation

can be carried out by the simple multiplication andiscrete Fourier transform, and the block diagra
showing the azimuth preprocessing implemented iratgn (10) is presented in Figure 3.

Figure 3. Sketch of azimuth preprocessing.

S(t) DFT S ()

exilj 7, (i) explj 7k, (nat'’)

Up to now, the azimuth ambiguity has been elimidabeit in the operation a convolution has been
done. Now we must countervail the convolution bytiplying the following equation:

H(fa)=exr{jﬂkfa2 J (16)

a,ref

where f,is the Doppler frequency in azimuth, namely the plep frequency, varying within the

PF;F +f,, and here PRF is the pulse repetition frequeney, the

+f < f <+

following range:- PF;F
reciprocal of PRI. In the sidelooking conditiofy,is zero; otherwise it is a fixed value which depend
on the Doppler cone angle at the closest apprdaghis the same as, ., in (11) and similar with, in
(10) corresponding tg, (namely R ) not R, . At this point, the azimuth preprocessing is done

completely. It is worth noting that the minimal PRfst be greater than the bandwidth corresponding
to the width of the illuminated field by the lagsram.
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3.2 Modified Omega-K algorithm

The first operation of the algorithm is a Fouriamisform in the along-track dimension [13, 14]:

- f-2R/C 4 A 2 e
s(t,fa;RB)=Arect[T—I}/JEGexp(J A”Fg[1+ cy( :}jnmex;(] 2t )

T 17)
@xp{—i—MRB \/[1+"_V[f—2—&n LA }
A c c 47

Different from [10, 11], the second exponentialriein the expression (17) is the Doppler shift
induced by the long sweeps of a continuous wave.

The second step in the Omega-K algorithm is apjpdinaof a two-dimensional phase compensation
to the azimuth-transformed signal using the follegvimatched filter:

H =exp(~j 27f,{) bep{—j%&( B%(f—%j}}ﬂex%j%\/{ 1%/@_%)]2 _ fj\;‘;} (18)

This operation perfectly corrects the range cumeatd all scatterers at the same range as the scene
center and removes the Doppler shift due to thg fameeps of the continuous wave successively.
Then, the received signal is obtained as:

s(f, fa;RB): A@X[{—JLUT(R;_&)\/(:H_M[{\_R)J _ faZAZJ (19)

c c a2

The third step performed by the Omega-K algoritsmknown as Stolt transformation [15-17]. We
can make the following substitutions for convenefis].

K. —‘W[ fw[f 2&]] (20)
cly c
and K, =—27\T/fa (21)
With these definitions (19) becomes:
s(Kx,KR:RB)=Arec{ ; ‘_‘r”; /C}exp( | R -RNKZ-K] ) (22)

At this points(K,,Kg;R,)is a two-dimensional linear phase grating for atiteerers in the same
range bin as the scene center(all the scattergnsghthe same, ).A change of variables, known as the
Stolt interpolation, convertsK,,K.;R,)into a linear phase grating for scatterers at atiges. The

Application of this transformation yields the desirsignal:

}exp(—j R-RX,) (24)

appropriate change of variables is:

4f./c
P/

Finally, a two-dimensional inverse Fourier trangids computed to fully compress the scatterers in
range and azimuth. Figure 3 shows the data prowessing the modified Omega-K algorithm.

S(Ky , KgiRy) = Arec{K
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Figure 3. The data processing using the modified Omega-Krekgn.
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3. Experimental Results

SAIL has a very different parametric dependencenfreal-aperture (active or passive) imaging on
the usual optical parameters such as apebtorewvavelengthi. Table 1 shows the parameters of the
simulation.

Table 1. SAIL and phase screen simulation parameters.

Wavelength 1um
Bandwidth B 13GH,
Pulse repetition intervaPRI 200us
Distance between platform and
center of the imaging aré 4000m
Velocity v 50m/s
Sampling aperture in azimuth D 2cm
Width of the area\, 10m
Sampling frequency, 300MH,
Grid interval 001Imm
Grid point number 512x512
Outer scalel, 20m

Figure 4 shows the image of a scene composed e thoint objects, one at (0,0) m ,one at (0.02,0)
m and one at (0,0.05) m after SA processing udiegntodified Omega-K algorithm, and we can see
that the points are all focused in range and azimut
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Figure 4. Contour of the points. Figure 5. Contour map of one point dimension
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Figures 5 and 6 show the contour maps of a potet ahd before the Doppler shift compensation
respectively. Figure 5 shows the data processitey aking the modified Omega-K algorithm, while
Figure 6 represents the data processing after usagonventional Omega-K algorithm. We can see
that the data defocus if the Doppler shift indutgdthe continuous motion of the platform in the
sweeps is not compensated.

Figure 7 shows the image of a scene composed e tiwint objects, one at (0,0) m ,one at (0.02,0)

m and one at (0,0.05) m, after SA processing fairyy low level of turbulence, and it seems thagre
was no turbulence like Figure 4 . The loss of netsoh is negligible wher, =3.2mfor this case, while

the length of the synthetic apertureds=0.8m.
Figure 8 shows the image of the same scene wiitile thigher turbulenceg, =1.6min this case
andL,, /i, =1/2. The sidelobes become higher, and they come @udosobjects. But we can still

recognize the point objects, and the resolutioange is unaffected.

Figure 6. Profile of azimuth dimension. Figure 7. ratio of synthetic aperture length to
coherence length of atmospherd/4.
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Figure 9 shows the image of the same scene witly faigh turbulence;;, =0.1min this case
andL, /7, =8. We can see that image quality is severely degrallat the resolution in range is also
unaffected.
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Figure 8. ratio of synthetic aperture length Figure 9. ratio of synthetic aperture length

to coherence lerth of atmosphere i1/2. to coherence length of atmosphere is 8/1.
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5. Conclusions

In summary, we have derived a modified frequengomthm that is suitable for the SAIL in
spotlight model using the heterodyne detectionesgsand some results of a simulation of SAIL
through the turbulence have been given. We know 8# processing is feasible at the optical
wavelength, and that the given algorithm can prethe data successfully. SAIL range resolution is
unaffected by turbulence, while SAIL azimuth resioln is determined not only by the synthetic
aperture length [6] but also by the coherence lewngtatmosphere, which is identical with the result
given by Karr [7]. Clearly, there are still manyatlenges that need to be overcome to put this
technique into practice, but the reasonable alyoripbf the synthetic aperture technique for 2-D
imaging in the optical domain is now given. Otheydals of SAIL will be studied and analyzed in the
future, such as the spotlight model with a fixedistg angle, and many effects such as the photon
limitation would be taken into consideration in faéure work.
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