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Supplementary Materials for

Large-array sub-millimeter precision coherent flash three-
dimensional imaging

The file includes:

Supplementary Note 1: Mathematical model

Supplementary Note 2: 2D image reconstruction

Supplementary Note 3: Theoretical range precision analysis
Supplementary Note 4: Range precision measurement

Supplementary Note S: Interactive 3D reconstruction of a bust sculpture
Movie S1: 3D flower blooming.

Movie S2: 360-degree view of a bust sculpture.
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Supplementary Note 1: Mathematical model

An optical signal is generated from a laser diode and sent to a high-speed Mach-Zehnder
modulator (MZM). The electrical field of the optical signal can be expressed as:

E, (1) = Ae™! (1)
where A is the amplitude and  is the angular frequency of the optical signal.

The input microwave signal can be expressed as:

V (t)=V,cos(27f,t) )
where V_ and f_ are the amplitude and frequency of the microwave signal.

In the MZM modulator, the microwave signal is loaded on the optical carrier in one arm and a
DC voltage signal is applied to tune the phase. Therefore, the phase difference between the
optical signals in the two arms is:

Ap(t) = 73/“‘ cos(2z fmt)+% 3)

where V_ and V,,, are the half-wave voltage and bias voltage of the MZM.

ias
At the output of the MZM, the optical signal can be written as:
2 . .

Eypy () = g A(e™ +1)e (4)

One portion of this signal is employed to flood illuminate the scene, while the remaining portion
serves as a local reference signal. When the transmitted optical signal meets the target, there
would be an echo signal. The electrical field of the local and echo signal can be expressed:

EI (t) = % AI |:eiA¢(t) + 1] eiwt (5)

where 7 =2d/c is the time delay of the echo signal relative to the local signal, d is the depth of
the target, ¢ is the speed of light, A and A, are the amplitude of local signal and echo signal.

When the local signal and the echo signal come into the coherent image sensor, at the output of
each pixel photodetector, the generated voltage can be written as>':

2 . .
U= hLa?SVGTe <[ E (t)+E, (t)][E. tH+ Ee(t)]> ™

where 77 is the quantum efficiency, h is the Planck constant, S, is the sensitivity of the sense

node, G is the gain of CCD pixels and T, is the exposure time of each frame.
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By substituting Eqn. (5) and (6) into Eqn. (7) and using the Bessel expansion, considering small-
signal modulation and ignoring high frequency components, the generated voltage can be
approximately rewritten as:

v

2 2 2 2 ”Vblas
U=715,GT,| A+ A (A A )Jo(/f)cos[v—ﬂ N
+4hﬂSVGTeAA9Jf(ﬂ)cos(2frfmr)cos(a)r)
)

where J denotes Bessel function of the first kind and /£ is the modulation index. From Eqn. (8),

the generated voltage includes a DC term and a multiplication component. Thanks to the
coherent detection, at the output of each pixel of four CCDs, the generated voltage of each pixel
at four CCDs can be written as:

U =U,, +‘LL775VGTQA AJ? (,B)cos(“!md ]COS(@—HJ
w

U,=U,. + 715 GT,AAI(f)cos A7 1,0 ) o 220 —1]
ho c c 2 ©)
4nn 4z f d 20d 7
U, =U_. +ESVGTEAAEJ12(ﬁ)cos ' |cos ?JFEJ
U, =Uy. + 715 GT,AAI? (f)cos 47100 ) cos 2“’0')
ho c C
_ 7[77 2 2 2 2 ”Vbias .
where Upe =<8, GT, | A’ + A +(AF+A)J,(B)cos =/ || Is the DC term. The DC term
a) V2
is a constant for each CCD. By combining the output of the four CCDs, the multiplication
component can be reached:
U,, =y(U,~U,)’ +(U,-U,)’
8 4rf d (10)
=%S\,GT6AAEJ12 (,B)cos( )

To realize the depth measurement, a stepped-frequency microwave signal is applied to the MZM.

In the frequency domain, the instantaneous frequency of the microwave signal can be written

asS?:

fo=f,+kAf, k=0,1,-~-,N—1 (11)

where f; is the start frequency of microwave signal, Af is the frequency step size, and N is the

step points. Each frequency has a temporal duration of T, .

Substituting Eqn. (11) into Eqn. (10), the equation can be rewritten as:
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47d

—8””&GRAAJfUﬂa5ﬂ77(Q+kM)}k:0¢~3N—1 (12)

he

Usq (k)

After performing discrete Fourier transform (DFT) and taking the magnitude, Eqn. (12) can be

rewritten in the frequency domain:
.{ ( 2NAM)}‘
sin| 7| n—
& (13)

.{ﬁ( 2NAM)”
sin| —| nN—
N c

Based on Eqn. (13), the depth d can be retrieved by extracting the fundamental frequency:

usig (n)‘:%SVGTeAI Ae‘]12 (IH)

C

d = INAf e (14)
where Ny, .. 1s the fundamental frequency.
The range resolution can be written as:

Ad = ¢ = L (15)

2NAf 2B
where B is the bandwidth of the stepped-frequency signal. As can be seen, the broader the
bandwidth, the higher the resolution.
The unambiguous range can be expressed as:
C
dup =—— 16
NAR 4Af ( )

As can be seen, the smaller the frequency step size, the larger the unambiguous range.

Supplementary Note 2: 2D image reconstruction

In the experiment, the local optical signal has a power of 14.12 uW. After passing through the
free-space optical components, the power of the local signal is reduced to be 0.84 pW.
Considering 320 x 256 pixels of each CCD, the power that each pixel receives is calculated to be
2.54 pW.

The probe optical signal has a power of 12 dBm, approximately 15.85 mW. After the target
backscattering, the received echo power can be estimated via the LIDAR equation:

zD?

Pe = PpR 4Qd2 natmnsys (17)

where P, is the optical power, R is the reflectivity of the target, D is the aperture of the

receiving lens, €2 is the solid angle of scattering, 77, is the transmission efficiency, and 7, is

the system efficiency.
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Assuming the best situation with a full reflectivity and a full efficiency, the received echo power
is estimated to be 334.88 pW. Thus, the power that each pixel receives is calculated to be 1.02
fW, which is three orders of magnitude lower than that of the local signal.

Based on Eqn. (8), the voltage signal at the output of each pixel includes a DC component and a
multiplication component. When a stepped-frequency microwave signal is used to modulate the

optical carrier, the multiplication component has a cosine relationship with the microwave signal
frequency. By performing the average operation, the multiplication component can be ignored.

Therefore, considering A >> A , Eqn. (8) can be rewritten as:

VIS 2 2 2 2 ﬂ-vbias
(U)~8,GT, A"+ A +(A +A )%(ﬁ)cos[v—”

™

~ T TWVhias || 22
~ thvGTe 1+J0(ﬁ)cos[ v ] A (18)

K

T TVias
:ﬁSVGTe 14+, (ﬁ)cos[v—b] P

U

After averaging, the result is proportional to the local optical signal power. From Eqn. (13), at

the fundamental frequency, the multiplication component is proportional to |, (nfunda> :
PII:’e :<A|Ae)2 CXZ/{szig <nfunda) (19)
Therefore, by combining Eqn. (18) and (19), the echo signal power can be arrived:
Uu?
P, oc— 20
) =

Using Eqn. (20), the 2D image reconstruction is present in Fig. 3f. For comparison, Fig. S3 gives
the averaged result of the original image captured by each CCD in total 3000 frames. As can be
seen, due to the ultra-small echo power, there is no visible 2D target image at the output of each
CCD. In addition, in the figure, some speckles can be found which is caused by the random
interference.

Therefore, the coherent detection process enhances the ability to detect extremely small echo
signals by amplifying the multiplication component through the local signal. This amplification
significantly improves the sensitivity of the system, making it possible to capture and analyze
very weak signals. Consequently, this advancement allows for the creation of high-resolution 3D
images over extended distances.

Supplementary Note 3: Theoretical range precision analysis

To assess the range precision of the proposed LiDAR system, we use the Cramér-Rao lower
bound (CRLB) as a benchmark®*. The CRLB provides a theoretical lower limit on the precision
with which the range can be estimated. Typically, the CRLB sets the limit for frequency
precision when dealing with a time-limited sine wave in the presence of white Gaussian noise.
The formula for this lower bound in frequency precision is:
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; 3f2, 1
Val'( fsig) > B '
ZN(N—1)2N—1) SNR

1)
where N is the step points and SNR is the signal to noise ratio of the output voltage signal of

the coherent image sensor. For N >1 and f..; =N/T, Eqn. (21) can be rewritten as:

3
27°T°N SNR

Therefore, the frequency precision of the signal affected by noise can be calculated using the

standard deviation:
i V2N SNR

Combining Eqn. (23) and Eqn. (14), the range precision §d can be written as:

sd>-C |31
~27BV2N SNR

var( fsig )> (22)

(24)

From Eqn. (24), the range precision depends on the bandwidth, the number of step points, and
the SNR of the output voltage signal. Generally, the broader the bandwidth, the higher the range
precision.

The SNR of the output voltage signal is a key factor to determine the range precision. From Eqn.
(8), the accumulated charge at the output of each pixel can be written as:

U s 7V,
Q= :—77Te A|2+P\f+(P\f+A|2)JO(ﬁ)cos ——bias.
§G  hw V. 25)
+4LﬂTeA|Ale (B)cos (2 f,,7)cos(wr)
[0%)
The accumulated charge includes a DC component and a multiplication component. Since
A > A,, the DC component can be written as:
Qe & LT, [14 3, (8) cos TVos A’ (26)
DC ha) e 0 V7r
Meanwhile, the multiplication component can be written as:
47 2
Qg zh—TeA1 AJ} (B)cos(2m f,7)cos(wT) (27)
w
The average charge of the multiplication component is:
41
<Qsig > & T.A &Jf (6) cos (wT) <cos (27r fm7)>
hw 28)

2?”7 T,AAJ(8)cos(wr)
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Potential sources of noise in the system include inherent shot noise, dark current noise, and
readout noise generated by the detector®*. The shot noise, which stems from the quantum nature
of light, results from statistical variations in the number of photons emitted by the object. This

type of noise is intrinsic and unavoidable in imaging systems. The shot noise Q, ¢, can be

Qn—shot = \/@ (29)

Dark current arises from thermally generated electrons in the CCD's silicon substrate. Like shot
noise, the dark current noise Q, 4, follows a Poisson distribution and is proportional to the

described using Poisson statistics>>:

square root of the number of thermal electrons generated during the exposure time.

/i
Qn—dark = %Te (30)

Therefore, the SNR for a single pixel can be written as:

SNR = (Qu) (1)
\/Qr?—shot + Qr?—dark + Qr?—readout

where Q, .0 TEPTEsents the readout noise. This type of noise is introduced by the electronic

circuitry during the charge transfer process. It is primarily dependent on the frame rate but
remains constant across different integration times for each frame. The SNR can be determined

as follows:
hw

Table S1 summarizes the parameters in the theoretical range precision analysis.

2\{:27”7T9A1A9J12 (8)cos (wr)

SNR = (32)

e
1 J bias
+J, (ﬂ)cos[v

™

i
2 dark 2
A| + aer Te + Qn—readout

Supplementary Note 4: Range precision measurement

Several tests are conducted to measure range precision as the target distance varies from 15 m to
30 m, with the probe optical power held constant at 15.85 mW. Figures S4a-S4d show the 3D
images of the planar target at distances of 15 m, 20 m, 25 m, and 30 m, while Figures S4E-S4H
present the histograms corresponding to each 3D image. The range precision for each distance is
calculated by determining the standard deviation from a Gaussian curve fitted to each histogram,
yielding values of 0.42 mm, 0.44 mm, 0.45 mm, and 0.47 mm.

Supplementary Note S: Interactive 3D reconstruction of a bust sculpture

Positioning the bust sculpture at 30.3 m away, the same 3D imaging process is performed after
each rotation by 45°, and eight 3D images are collected. Figure S5 shows the eight 3D images of



177  the bust sculpture at the different orientations, which exhibits the proper scale and perspective of
178  the bust sculpture.
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179
180  Fig. S1. Coherent image sensor. L: lens. P: polarizer. QWP: quarter-wave plate. NPBS: non-

181  polarized beam splitter. PBS: polarized beam splitter. CCD: charge-coupled device.
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Fig. S4. Range precision characterization. a-d 3D images of the planar target at distances of
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Parameters Value
C 3x108 m/s
Af 1.97 MHz
N 3000
n 80%
h 6.63x1034 J/s
T, 4 ms
A 1.59 uV/m
A 31.94 nV/m
M 0.29
Phias /2
e 11.86 fA
e 1.60x101° C
anreadout 400 e

Table S1 Parameters of the range precision analysis.
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Movie S1.
3D flower blooming. The color indicates the depth information.

Movie S2.

360-degree view of a bust sculpture. The color indicates the depth information at 0° orientation.
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