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Abstract 

Recent advances in high-speed digital cameras has enabled their use in a host of interferometric sensing 
applications previously restricted to photodetector based coherent receivers. In this memo, we derive 
expressions for the shot and digitization noise limits on the phase noise of a camera based coherent receiver. 
We analyze the receiver performance in both the strong-LO and equal-LO regimes and experimentally 
validate the analytic predictions. This analysis illustrates the advantages of camera based coherent receivers 
and identifies the relevant design considerations.  

Introduction 

The recent development of digital cameras supporting frame rates in excess of 10 kHz has inspired a host 
of work exploring the use of cameras as baseband coherent receivers for a variety of interferometric sensing 
applications [1–3]. Camera based coherent receivers have several attractive features compared with 
conventional photodetector based coherent receivers: 

First, they enable the detection of multiple spatial modes without compromising mixing efficiency. For 
example, in many sensing applications, interaction with turbulence or scattering from a rough object causes 
distortion or even speckle formation in the interrogation beam. In a conventional photodetector based 
coherent receiver, spatial filters such as single mode fibers are required to enable efficient mixing with a 
reference arm. This spatial filtering step is not required on a camera based receiver, enabling the receiver 
to use more of the return light [1]. The spatial mode profile recorded using a camera can also carry additional 
information which could be used to provide a more accurate measurement [2] or to provide spatial 
information about a sample in imaging applications [4–8].  

Second, cameras are typically capable of detecting much higher peak power than photodetector based 
receivers. The individual pixels on cameras operate as integrators—collecting any photons incident on the 
pixel during the exposure time and only saturating when the full well depth is reached. As a result, the 
saturation threshold for pixels is dictated by the pulse energy rather than the peak power. Thus, for a shorter 
pulse, a pixel can detect higher peak powers.  

To illustrate this advantage, we calculated the maximum peak power, 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, a typical high speed camera 
can receive without saturating:  

𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑊𝑊𝑊𝑊∙𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

�h𝜈𝜈
𝜂𝜂
� (1) 

Where 𝑊𝑊𝑊𝑊 is the well depth, 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝, is the number of pixels, h, is Planck’s constant, 𝜈𝜈, is the optical 
frequency, 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐, is the pulse duration or the coherent processing interval, and 𝜂𝜂 is the quantum efficiency. 
Figure 1 shows the peak power as a function of pulse duration for a high speed, silicon camera operating in 
the visible spectrum (Vision Research Phantom v2512) and an InGaAs camera operating in the short-wave 
IR (SWIR) spectrum (Xenics Cheetah). The Vision Research camera is capable of recording 106 pixel 
frames at a rate of 25 kHz and a pixel well depth of 19,500 electrons. Frame rates as high as 1 MHz are 
possible with a reduced region-of-interest (ROI). The Xenics camera supports 3×105 pixel frames with a 
frame rate of 1700 Hz and a well depth of 8×105. Frame rates as high as 80 kHz are possible using a reduced 
ROI. The peak power required to fill the well depth is shown as a function of pulse duration in Fig. 1 for 
the two cameras. For nanosecond long pulses, both cameras can receive peak power >1 W without 
saturating. For comparison, typical COTS photodetectors saturate with peak powers on the order of 1-10 
mW.  
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Figure 1. Peak power required to fill the well depth (i.e. saturation threshold) for typical high speed 
cameras in the visible and SWIR.  

 

Despite recent advances, the primary technical limitation when using a camera based receiver remains the 
limited frame rate and the minimum exposure time. This is particularly restrictive in distributed sensing 
applications where a time-gated measurement is required. Even the fastest available cameras exhibit frame 
rates of only 1 MHz, compared with photodetectors that can easily obtain bandwidths in the multiple GHz 
range. The minimum exposure time also limits the ability to time gate and is typically restricted to at least 
100s of ns.  As a result, time-gated experiments may require additional hardware (e.g. acousto-optic 
modulators (AOMs) or Pockel cells) to achieve high temporal/spatial resolution. Nonetheless, continuing 
advances in high-speed camera technology are expected to reduce these limitations in the future. 

Shot noise limited phase noise derivation: 

In this section, we present a derivation of the shot noise limited phase noise for a standard interferometer 
to highlight the distinction between operations in the strong and equal LO regime. 

First, consider the output of a standard interferometer consisting of a sample and reference arm:  

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑆𝑆 + 𝑃𝑃𝑅𝑅 + 2�𝑚𝑚𝑚𝑚𝑠𝑠𝑃𝑃𝑟𝑟  𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑓𝑓𝐼𝐼𝐼𝐼𝑡𝑡 + 𝛥𝛥𝛥𝛥)    (2) 

In this expression, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the power measured on a square law detector, 𝑚𝑚 is the mixing efficiency,  𝑃𝑃𝑆𝑆 is 
the sample arm power, 𝑃𝑃𝑅𝑅 is the reference arm or LO power, 𝑓𝑓𝐼𝐼𝐼𝐼 is the intermediate frequency between the 
sample and reference arm and 𝛥𝛥𝛥𝛥 is the relative phase between the two arms. Note that in a baseband 
receiver the intermediate frequency is typically set to zero. The received optical signal power is converted 
to an electronic signal power, �𝑖𝑖𝐼𝐼𝐼𝐼2 �, which can then be expressed as: 

�𝑖𝑖𝐼𝐼𝐼𝐼2 � = �2�𝑚𝑚𝑖𝑖𝑠𝑠𝑖𝑖𝑅𝑅 �
2
〈𝑐𝑐𝑐𝑐𝑐𝑐2(2𝜋𝜋𝑓𝑓𝐼𝐼𝐼𝐼𝑡𝑡 + 𝛥𝛥𝛥𝛥)〉    (3) 

�𝑖𝑖𝐼𝐼𝐼𝐼2 � = 2𝑚𝑚𝑖𝑖𝑠𝑠𝑖𝑖𝑅𝑅 = 2𝑚𝑚�𝜂𝜂𝜂𝜂
ℎ𝜈𝜈
�
2
𝑃𝑃𝑠𝑠𝑃𝑃𝑅𝑅     (4) 



where 𝑚𝑚 is the mixing efficiency, 𝑖𝑖𝑠𝑠 is the photocurrent generated by the sample arm, 𝑖𝑖𝑅𝑅 is the photocurrent 
generated by the reference arm, 𝜂𝜂 is the quantum efficiency, and 𝑞𝑞 is the charge of an electron.  The noise 
power due to shot noise can be expressed as:  

�𝑖𝑖𝑆𝑆𝑆𝑆2 � = 2𝑞𝑞(𝑖𝑖𝑠𝑠 + 𝑖𝑖𝑟𝑟)𝐵𝐵= 2𝑞𝑞 �𝜂𝜂𝜂𝜂
ℎ𝜈𝜈
� (𝑃𝑃𝑠𝑠 + 𝑃𝑃𝑅𝑅) 1

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
    (5) 

where B is the processing bandwidth. 

Finally, the shot-noise limited CNR can be expressed as:  

𝐶𝐶𝐶𝐶𝐶𝐶 = �𝑖𝑖𝐼𝐼𝐼𝐼
2 �

�𝑖𝑖𝑆𝑆𝑆𝑆
2 �

=
𝑚𝑚𝑚𝑚
ℎ𝜈𝜈𝑃𝑃𝑆𝑆𝑃𝑃𝑅𝑅𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

(𝑃𝑃𝑆𝑆+𝑃𝑃𝑅𝑅)       (6) 

This CNR expression can then be used to calculate the phase uncertainty per measurement, 𝜎𝜎𝜙𝜙, and the 
phase noise power spectral density (PSD), 𝑆𝑆𝜙𝜙, for a series of measurements at a sample rate 𝑓𝑓𝑠𝑠: 

𝜎𝜎𝜙𝜙 = 1
√2𝐶𝐶𝐶𝐶𝐶𝐶

        (7) 

𝑆𝑆𝜙𝜙𝑆𝑆𝑆𝑆 = 𝜎𝜎𝜑𝜑2

𝑓𝑓𝑠𝑠/2
        (8) 

The phase uncertainty per measurement, 𝜎𝜎𝜙𝜙, is units of rad and the phase noise PSD, 𝑆𝑆𝜙𝜙, is in units of 
rad2/Hz.  

In many sensing applications, the reference arm is much stronger than the interrogation or signal arm. In 
this “strong LO regime”, we can simplify the CNR expression above by assuming that 𝑃𝑃𝑅𝑅 ≫ 𝑃𝑃𝑆𝑆: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑚𝑚𝑚𝑚
ℎ𝜈𝜈
𝑃𝑃𝑆𝑆𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐       (9) 

This results in a simplified phase noise PSD expression of:  

𝑆𝑆𝜙𝜙𝑆𝑆𝑆𝑆,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐿𝐿𝐿𝐿 = 1
𝑚𝑚𝑓𝑓𝑠𝑠𝑃𝑃𝑃𝑃𝑠𝑠

       (10) 

where 𝑃𝑃𝑃𝑃𝑠𝑠 is the number of photoelectrons resulting from detecting 𝑃𝑃𝑠𝑠 (𝑃𝑃𝑃𝑃𝑠𝑠 = 𝜂𝜂
ℎ𝜈𝜈
𝑃𝑃𝑆𝑆). 

In other applications, the sample arm and reference arm beams have the same power. In this “equal LO 
regime” (𝑃𝑃𝑅𝑅 = 𝑃𝑃𝑆𝑆), the CNR expression simplifies as: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑚𝑚𝑚𝑚
2ℎ𝜈𝜈

𝑃𝑃𝑆𝑆𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑚𝑚𝑚𝑚
4ℎ𝜈𝜈

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐     (11) 

where 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑆𝑆 + 𝑃𝑃𝑅𝑅 is the total power received. The phase noise PSD in the equal LO regime is then: 

𝑆𝑆𝜙𝜙𝑆𝑆𝑆𝑆,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝐿𝐿𝐿𝐿 = 4
𝑚𝑚𝑓𝑓𝑠𝑠𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡

       (12) 

where 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 is the number of photoelectrons resulting from detecting 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡. Note the factor of 4 difference 
between the phase noise PSD in the equal and strong LO regimes. This highlights the advantage of operating 
in the strong LO regime when a strong LO is available and the number of photoelectrons from the sample 
arm is much smaller than the camera well depth. However, if there is sufficient light available in both the 
sample and reference arms to fill the camera well depth, it is advantageous to operate in the equal LO 
regime.  



Digitization noise limited phase noise derivation: 

The impact of digitization noise on the CNR of a measurement can be expressed as: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠22∙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒      (13) 

where 𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑 is the number of detectors used (or pixels in the case of a camera), 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the number of 
samples per measurement (𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 per frame for a camera), and 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the effective number of bits 
(per pixel). In a camera, the CNR per frame can be written as: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝22∙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢       (14) 

where 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 is the number of pixels and 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 is the fraction of the available 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 used to measure the 
interference signal: 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + log2 �
2�𝑃𝑃𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿
𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

�     (15) 

where 𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is maximum number of photoelectrons the camera can record before saturating (𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑊𝑊𝑊𝑊 ∙ 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝). We can then use the digitization noise limited CNR to express the phase noise PSD:  

𝑆𝑆𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑 = 1
4𝑓𝑓𝑠𝑠𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝22𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

� 𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
2

𝑃𝑃𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿
�     (16) 

In the strong LO regime, the reference arm is set to fill the well depth (𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 → 𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚) and we can write 
the digitization noise limited phase noise PSD as: 

𝑆𝑆𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐿𝐿𝐿𝐿 = 1
4𝑓𝑓𝑠𝑠𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝22𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

�𝑊𝑊𝑊𝑊𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝
𝑃𝑃𝑃𝑃𝑠𝑠

�    (17) 

𝑆𝑆𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐿𝐿𝐿𝐿 = 1
4𝑓𝑓𝑠𝑠22𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

�𝑊𝑊𝑊𝑊
𝑃𝑃𝑃𝑃𝑠𝑠

�       (18) 

Remarkably, the dependence on the number of pixels drops out for the strong LO case. 

In the equal LO case (𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑠𝑠), we can simplify the phase noise PSD as:  

𝑆𝑆𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝐿𝐿𝐿𝐿 = 𝑁𝑁𝑝𝑝𝑝𝑝𝑥𝑥
𝑓𝑓𝑠𝑠 22𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

� 𝑊𝑊𝑊𝑊
𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡

�
2

     (19) 

In this case, the digitization noise not only increases with the number of pixels used, but scales with the 
square of the number of photoelectrons received in contrast with the linear scaling observed in the strong 
LO regime. 

To illustrate the implications of these expressions, we performed a series of parametric studies on the phase 
noise PSD in the strong LO and equal LO regimes.  

We first consider the strong LO regime. In Fig. 2(a), we show the digitization noise limited PSD as a 
function of enob. In the strong LO regime, there is no dependency on the number of pixels used; however, 
the strength of the LO relative to the full well depth does impact the phase noise. As can be seen, using the 
half the well depth (LO/WD=0.5) results in a 3 dB increase in phase noise at a given enob. The shot noise 
limit for the same received power (𝑃𝑃𝑃𝑃𝑆𝑆 = 2 × 106) is shown in black indicating that shot noise dominates 
for a camera with enob>7. In Fig. 2(b), we show the ratio of digitization noise to shot noise as a function 
of enob. In the strong LO regime, this ratio is independent of the sample arm power received or the number 



of pixels and is simply a function of the camera enob, well depth, and the fraction of the well depth filled 
by the LO. 

 
Figure 2. Phase noise analysis in the strong LO Regime. (a) The digitization noise is shown as a 
function of the enob per pixel for varying LO strength (expressed as a fraction of the full well 
depth). In this calculation, we assumed a frame rate of 100 kHz, interference patterns recorded 
across 104 pixels, each with a well depth of 19500 and a total of 2×106 photoelectrons received. The 
shot noise limited phase noise is also shown for the same number of photoelectrons received in 
black. The crossing point indicates that the camera is shot noise limited for an enob>7. (b) The 
ratio of digitization to shot noise is shown as a function of enob. Note that this ratio is independent 
of the number of pixels or the number of photoelectrons received in the strong LO regime.  

 

We next consider the equal LO regime. In this case, the digitization noise scales with the square of the 
received power while the shot noise scales linearly with received power. In addition, the digitization noise 
depends on the number of pixels used. Fig. 3(a) shows the phase noise due to digitization and shot noise as 
a function of received power and the number of pixels used. The ratio between the digitization and shot 
noise is shown in Fig. 3(b). Note that shot noise depends only on the received power level. As a result, it is 
advantageous to use as few pixels as possible in the equal LO regime without saturating to minimize 
digitization noise. In addition, digitization noise dominates over shot noise at lower received power levels 
and thus, higher received power levels will reduce the impact of digitization noise. 

 



 
Figure 3. Phase noise analysis in the equal LO Regime. (a) The digitization and shot noise limited 
phase noise PSD are shown as a function of received power. In this calculation, we assumed a frame 
rate of 100 kHz, a well depth of 19500, and an enob of 8.5. We also show the digitization noise for 
varying numbers of pixels. (b) The ratio of digitization to shot noise is shown as a function of the 
received power and the number of pixels used. Note that the digitization noise plots for a given 
number of pixels are discontinued when the received power is sufficiently high to saturate the 
camera. In this case, more pixels are required to detect higher light levels without saturation.  

 

Experimental validation 

In order to experimentally validate these predictions we constructed a Mach-Zehnder interferometer as 
shown in Fig. 4. A narrow linewidth CW laser operating at 532 nm was used as a source and a high-speed 
camera (Vision Research Phantom v2512) was used to record the relative phase between the two arms of 
the interferometer using off-axis holography. To test the power dependence in the equal LO regime, a set 
of neutral density filters was introduced before the interferometer to adjust the total received power. In this 
case, the power in the two arms remained balanced. In the strong LO regime, neutral density filters were 
introduced in one arm of the interferometer while the power in the other arm was adjusted using a half wave 
plate to just fill the camera well depth without saturating. A PZT mounted mirror was used to introduce a 
known phase modulation for calibration purposes and to confirm that the demodulation continued operate 
correctly at low light levels.  

 
 
Figure 4. Experimental setup to characterize shot and digitization noise using a camera based 
coherent receiver.  



 

Before conducting phase noise measurement, we measured the enob of the Vision Research camera by 
recording 1000 dark images. The enob can be calculated as:  

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙2 �
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Where 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the standard deviation of the dark image in units of counts and N-bits is the bit depth of the 
recorded images (thus 2𝑁𝑁−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the maximum number of counts and corresponds to the full well depth). 
The camera was setup to export 16 bit images and has a manufacturer specified bit depth of 12. Our enob 
calculation is shown in Fig. 5. Fig. 5(a) shows a typical dark image while Fig. 5(b,c) show cross sections 
through one row and one column over time. The fixed pattern noise in the camera is visible in these cross 
section images. We then calculated the enob using three methods.  First, we calculated 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 for a single 
image, providing an enob of 8.53. We then calculated 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 for the entire datacube of 128×128 pixels 
images over 1000 frames providing an enob of 8.55. Finally, we calculated the enob separately for each 
pixel by analyzing the standard deviation of each pixel over 1000 frames. The enob variation across pixels 
is shown in Fig. 5(d) and the average of the enobs calculated for each pixel was 8.67. Histograms showing 
the distribution of counts using these three methods are shown in Fig. 5(e,f). In the following, we used an 
enob of 8.55 to calculate the expected digitization noise for comparison with our experimental 
measurements. 

 
Figure 5. Camera ENOB characterization. (a) A representative dark image. (b) A cross sectional 
image of one row over 1000 frames. (c) A cross sectional image of one column over 1000 frames. 
(d) An image where the pixel value represents the enob calculated for a given pixel over 1000 
frames. (e) A linear scale histogram of pixel values. (f) A log-scale histogram of pixel values. 

 

  



Experimental Validation: Strong LO Regime 

We then tested the shot and digitization noise dependence on light level in the strong LO regime using the 
experimental setup shown in Figure 4. We adjusted the relative angle between the sample and reference 
arm to form an interference pattern on the camera. The camera ROI was set to 105 pixels enabling us to 
computationally select subsets of the recorded ROI (i.e. 104 or 103 pixel ROIs) to test the dependence on 
the number of pixels used in post processing. We then adjusted the reference arm power to fill the well 
depth and recorded 10,000 frames at 100 kHz. An example dataset is shown in Fig. 6. For each frame, we 
first extracted the relative phase between the two arms using the off-axis holography technique [1]. Figure 
6(e) shows the phase noise PSD calculated from the recovered time varying phase using the method 
described in [1].  

In order to estimate the expected shot and digitization noise, we measured the sample arm power level by 
separately recording an image of the light in just the sample arm (i.e. with the reference arm blocked). A 
dark image was also recorded and subtracted from the measured sample arm image.  By integrating the 
number of counts in the sample arm only image (less the counts in the dark image), we estimated the number 
of photoelectrons received (𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅) and the power incident on the camera (𝑃𝑃𝑅𝑅𝑅𝑅) as: 

 𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅 = 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
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Where 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the total number of counts integrated across all pixels in a frame. Note that in the analysis 
below we set the quantum efficiency in Eq. 22 to unity, and thus the power quoted in the figures below is 
really the power converted to photoelectrons rather than the power incident on the camera. After calibrating 
the power on the sample arm, we then used 10 dB neutral density (ND) filters to attenuate the sample arm 
relative to this calibration measurement. Equations 10 and 18 were then used to estimate the predicted shot 
noise and digitization noise PSD levels as shown in Fig. 6(e). In the strong LO regime, for an enob of 8.5, 
the measurement was shot noise limited, with a digitization noise limit 12 dB below the shot noise limit. 
The experimental measurement was within 2 dB of the combined noise prediction. In Fig. 6(f), we show 
the experimentally measured phase noise PSD on a plot of the predicted shot and digitization noise vs 
received power level. 



 
Figure 6. Strong LO regime experimental data. (a) Measured interference pattern. (b) Spatial 
Fourier transform of the measured interference pattern showing the DC and interference terms. 
The red box indicates the position of the Hann window applied to select the interference term. (c,d) 
The recovered amplitude and phase. (e) Measured phase noise PSD compared with the shot, 
digitization, and RSS (root sum square) noise predictions. (f) The measured phase noise PSD is 
compared with the predicted noise levels as a function of received power. 

 

We then repeated the above procedure with sample arm power attenuated by 13, 23, and 33 dB with respect 
to the full well depth. Example interference patterns are shown in Fig. 7(a-c). The phase noise PSDs for 
these three attenuation levels using a ROI of 104 pixels are shown in Fig. 7(d). Note that the tone at 10 kHz 
due to the PZT is at the same level in each case, confirming that the demodulation operated correctly even 
at low light levels (nW sample arm power). The noise floor increases with attenuation due to increased shot 
noise, as expected. We calculated the PSDs for the three attenuation levels by processing the entire 105 
pixel ROI, or selecting smaller ROIs of 104 or 103 pixels. In Fig. 7(e), we show the measured phase noise 
PSD vs received power in a given ROI compared with the RSS (root sum square) predicted phase noise 
(which is dominated by shot noise in all cases). As expected, in the strong LO regime, there is no 
dependence on the number of pixels and the phase noise measured with the same number of total 
photoelectrons (e.g. using 10 dB higher attenuation but 10× more pixels), produced the same phase noise. 
In addition, the measured data was within 2 dB of the predicted value across 4 orders of magnitude in 
received power, validating the noise model in the strong LO regime.  



 
Figure 7. Strong LO regime experimental data. (a,b,c) Interference patterns recorded with 13, 23, 
33 dB attenuation with respect to the well depth. (d) Phase noise PSDs with varying attenuation 
using a 104 pixel ROI. Note that the tone at 10 kHz from the PZT modulation is always at the same 
level. (e) Measured phase noise as a function of received power compared with the RSS predicted 
phase noise.  

 

Experimental Validation: Equal LO Regime  

We then repeated the above experiment in the equal LO regime. In this case, the attenuation was added 
using ND filters before the interferometer and the power was balanced in both arms. Example interference 
patterns recorded at varying power levels are shown in Figure 7(a-d). The ROI was set to 105 pixels and 
10,000 interference patterns were recorded at 100 kHz. The total number of counts in the interference 
images were used to extract the total number of photoelectrons 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 and the total received power. A 
representative phase noise PSD is shown in Figure 7(e). In this case, the digitization noise was 4 dB higher 
than shot noise. Nonetheless, the measured phase noise was within 1 dB of the predicted RSS value. Figure 
8(f) shows the measured phase noise level compared with the shot noise, digitization noise, and RSS 
prediction.  



 
Figure 8. Equal LO Regime experimental data. (a-d) Raw interference patterns recorded at 
varying attenuation levels (relative to the full well depth). (e) Measured phase noise PSD compared 
with the shot-noise, digitization, and RSS noise predictions. (f) The measured phase noise PSD is 
shown in comparison with the predicted noise levels as a function of received power. 

 

We then extracted the phase noise for ROIs of 103, 104, and 105 pixels at varying attenuation levels. Figure 
9 shows the extracted phase noise levels vs received power. In the equal LO regime, the shot noise is 
independent of the number of pixels used, whereas the impact of digitization noise is reduced for smaller 
ROIs. In addition, the relative contributions of shot and digitization noise depend on the power level with 
shot noise dominating at higher power levels. The experimental data consistently tracks the predicted 
curves, confirming our analytic model.  

Although we did not include camera dark noise in this analysis, our experimental measurements matched 
the predicted digitization and shot noise limits. In the strong LO case, the camera dark noise is expected to 
be negligible, and thus it is not surprising that we achieved shot noise limited with sample arm powers 
below 1 nW in Fig. 6. However, in the equal LO regime, it is remarkable that measurements with a total 
power of only 1.5 nW continued to match the digitization noise prediction, indicating that camera dark 
noise does not have a significant impact on the phase noise at these light levels.  



 
Figure 9. The measured phase noise PSD extracted for varying light level and ROI size compared 
with the predicted digitization (colored dotted lines), shot (black solid line), and RSS (colored solid 
lines) noise levels.  

 

Summary 

This memo describes the impact of digitization and shot noise on the performance of a camera based 
coherent receiver in the equal LO and strong LO regimes. We experimentally validated the derived shot 
and digitization noise expressions and found an excellent agreement with theory. This work can be used to 
properly design a camera based coherent receiver for interferometric sensing applications. 
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