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ABSTRACT Estimation of the analog read noise level and quantizer threshold level to within a few
hundredths of an electron can be obtained by measuring the output bit density, D, of a single-bit quanta
image sensor (1bQIS) as a function of quanta exposure, H. Analysis of the D-H characteristics as a
function of read noise and quantizer threshold levels is performed and a procedure for extraction of
estimated read noise and quantizer threshold is suggested and demonstrated.

INDEX TERMS Quanta image sensor, read noise, SPAD image sensor, CMOS image sensor, CIS, QIS.

I. INTRODUCTION
The Quanta Image Sensor (QIS) is a photon-counting image
sensor first proposed in 2005 [1], [2]. The QIS can be imple-
mented either as a single-bit (1b) or multi-bit (mb) device,
where the latter permits photon-number resolution [3]. This
paper is focused on 1bQIS but most mbQIS devices can be
operated as a 1bQIS. The specialized pixel is referred to as
a jot. A 1Mjot 1bQIS using CMOS image sensor (CIS)
technology with 1.lum pixel pitch was demonstrated in
2017 [4]. The CIS-QIS operates at room temperature without
the use of avalanche multiplication and enables the lower bit-
error rate (BER) counting of photoelectrons. A 1Mjot 1bQIS
implemented using single-photon avalanche detector (SPAD)
technology and 9.4um pixel was demonstrated in 2020 [5]
and a 3.2Mjot, 6.39um pixel pitch SPAD-mbQIS with an
11b counter per pixel was presented at the end of 2021 [6].
The latter SPAD-QIS pixel is 34x larger than the CIS-QIS
pixel to accommodate avalanche photodiodes with high elec-
tric fields but low crosstalk and the 11b digital counter in a
second layer of a stacked sensor structure. SPADs can gener-
ally permit faster photon-arrival-time gating. Generally, most
state-of-the-art SPAD-QIS devices tend to have higher dark
current or dark count rate (DCR) compared to CIS-QIS, and
the photon detection efficiency (PDE) is also lower.

When accurate knowledge of the presence or absence of
a photoelectron is needed, especially in scientific imaging

instruments, low read noise is needed to prevent false nega-
tives and false positives; that is, a low BER is desired, and
the BER is very dependent on read noise [7]. Measurement
of deep sub-electron read noise has traditionally required an
analog-readout signal chain [8]. For CIS-QIS and SPAD-
QIS, the digital nature of the output precludes direct
measurement of the input-referred analog read noise of the
image sensor. An ancillary analog channel can be added to
the sensor to allow readout of a single jot or an ensemble of
jots, but such a pixel may have different noise characteris-
tics compared to a jot used for digital readout due to circuit
design, operational sampling and/or operational speed.

In this paper, a methodology is proposed for estimating
input-referred analog read noise and quantizer analog thresh-
old voltage level based on the output bit density as a function
of light level or quanta exposure. This is particularly use-
ful for CIS-QIS. For SPAD-QIS, measurement of quantizer
threshold is typically moot due to avalanche multiplicative
gain, and read noise is usually not of concern, although the
bit density measured in the dark may be limited by the higher
dark count rate (DCR) in a SPAD-QIS rather than by read
noise as is the case for CIS-QIS.

Prior to proposing the methodology, analysis of the
QIS bit density response is performed to understand the
impact of read noise, dark current and quantizer threshold
variation.
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Il. ANALYSIS OF QIS BIT DENSITY

A. PHOTON OR PHOTOELECTRON GENERATED BIT
DENSITY

Bit density is the number of logic “ones” divided by the
total number of bits read out, where a logic one indicates
the arrival of at least one photoelectron. It could be for a
single jot read out many times (e.g., many frames), or a
group of jots read out for one or more frames.

If the average number of collected photoelectrons by a
pixel per frame is H, called the photoelectron quanta expo-
sure, then the probability that k photoelectrons are collected
is given by the Poisson distribution probability mass function
P[k] according to:

P, 1= 1
[H, k] = 0 1

Ideally, the bit density is just [3]:
D=1—¢H ()

where D = H for H << 1.

When corrupting readout noise and a quantizer is
included, the expected bit density is more complicated.
As shown in [7] the readout-voltage probability-density
function (ROVPDF), P[U], can be written as:

P[H, k U —k)?
P = Z[ ]p[_( )}

2u,%
where U is the readout voltage normalized by the conversion
gain (CG) with units of electrons, and u, is the similarly
normalized read noise with units of electrons r.m.s.
In a 1bQIS, with a quantizer threshold set at Ur, the bit
density D is given by:

3)

oo

D= / PIUIdU @
Ur

which yields D as a function of photoelectron quanta expo-

sure H, quantizer threshold Ur, and input-referred analog

read noise u, in (4).

ZP[H = )

As illustrated in Fig. 1, the bit density, D, corresponds to
the integral under the red P/U] curve from U = Ur to oo.
The read noise is chosen to illustrate how the various compo-
nents contribute, but for low BER, the read noise is targeted
to be 0.15e- r.m.s. or less [3].

B. BIT DENSITY IN THE DARK

In the dark, where the photoelectron quanta exposure H=0,
all but the k=0 component of Fig. 1 disappear, and the bit
density is limited by either the tail of the ROVPDF crossing
the quantizer threshold or by thermally generated dark cur-
rent or dark counts. (Other processes can also result in dark
current especially when high electric fields are involved.)
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FIGURE 1. ROVPDF P[U] shown in red for a jot with quanta exposure
H=3.0e-, and read noise up of 0.3e-rms. The dashed green line shows a
quantizer threshold Uy of 0.65e-. The normal distribution components for
k=0,1,2,3,4 of P[U] are shown in the other colors.

In the first case, the Poisson distribution probability mass
function P[H, k] = 1 for k = 0, and O for k>0, so the dark
bit density Dg,« becomes, in the absence of dark current,

Ur
_ 6

In the second case, thermally generated dark current, or
dark count rate with average arrival rate Hgg, increases
the dark bit density to (assuming dark-electron arrivals are
well-described by Poisson statistics):

Dgarie =

1
> erfc|:

k
Daark = = P[Hgark, k 7
dark g[dk]erfc[fun] )

More generally, the bit density can be written as:

Z]P[H+Hm,k] erfC[ k] ®)
k 0 \/_’/ln

where the photoelectron and dark electron average arrival
rates are explicitly shown. If the number of pixels readout is
M, all with quanta exposure H, the standard deviation o in
the number of photoelectrons detected, a.k.a. noise, is given
in [3] as:

= /M -D(1 - D) )

C. EFFECT OF READ NOISE ON BIT DENSITY VS. QUANTA
EXPOSURE

The effect of read noise on bit density vs. quanta exposure for
a nominal quantizer threshold, no dark current, and various
read noise levels is shown in Fig. 2 on a log-log scale. It can
be seen that the read noise has little effect on bit density for
H > le-, and for H < le-, read noise limits the reduction
in bit density for lower quanta exposure. For read noise of
0.15e- r.m.s., the bit density shows deviation from linearity
by H < 0.001le-, or an average of one photoelectron arrival
per 1000 readouts. The results are consistent with [7, Fig. 6].
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FIGURE 2. Bit density D as a function of photoelectron quanta exposure H
for Hyg,k = Oe- and quantizer threshold Uy = 0.5e- and various read noise

up levels.
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FIGURE 3. D - log H version of Fig 2. The dashed line box indicates the
“throat” region of interest.

The D-H characteristic and corresponding noise o1 was first
experimentally verified using a SPAD QIS [9].

Fig. 3 is a D — log H version of Fig. 2 to illustrate
how read noise elevates the low-light (left or “tail” side) of
the response curve. A region of interest, referred to as the
“throat,” around H=1 (shown by dashed lines) is expanded
in Fig. 4.

D. BIT DENSITY INSENSITIVITY TO READ NOISE AT UNITY
QUANTA EXPOSURE

As shown in Fig. 4, at H = 1 with Hgg = 0 and Ur =0.5e-,
the bit density is relatively insensitive to read noise and has
approximate value D = 1 — ¢~ ! for u, < 0.5e- r.m.s. For
non-zero Hggp, the position of insensitivity just shifts to
H =1 — Ha.

This interesting insensitivity has been proven mathemati-
cally by Chan [10] after a discussion of this paper, but for
this paper an intuitively satisfying explanation is presented,
as illustrated in Fig. 5. Referring to Fig. 5, which shows
P[U] and its k=0,1,2,3,4 components, it is seen that the
k=0 component (purple curve) is of equal amplitude and
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FIGURE 4. Fig. 3's region of interest plotted as D vs. H.
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FIGURE 5. ROVPDF P[U] shown in red for a jot with quanta exposure
H=1.0e- and read noise up of 0.3e-rms. The dashed green line shows a
quantizer threshold Uy of 0.5e-. The normal distribution components for
k=0,1,2,3,4 of P[U] are shown in the other colors.

width as the k=1 component (blue curve) of P[U], since
H=1, thus making P[0] = P[1]. Recalling that:
) Ur
D = PLUdU

HUMU:l—/ (10)

Ur —00
and looking at the integral of the P[U] curve for U<Ur,
(equal to 1-D) it is readily apparent that the integral lost
from the k=0 component for U > Ur is equal to the integral
gained from the k=1 component for U < Ur (see shaded
areas). Further, it is apparent that if u, < 0.5e- r.m.s., the
integral of the kK > 1 components contributes negligibly to
1-D. In essence, the integral of the k=0 component is P[0]

and is equal to 1-D, and thus:

D=1-P0]=1—¢"" (11)

which is insensitive to read noise u,, if u, < 0.5e- r.m.s.

~

E. EFFECT OF DARK CURRENT ON BIT DENSITY VS.
QUANTA EXPOSURE

Dark current in CIS-QIS is typically about 0.le-/sec/pixel
at room temperature [4]. At 1kfps operation this leads to
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FIGURE 6. Bit density D as a function of photoelectron quanta exposure H
for Hyq,y = 0.001e- and quantizer threshold Ur = 0.5e- and various read
noise up levels.

an expected value of Hy,y of 0.0001le-. For the SPAD-
QIS [5], with a dark count rate of 2e-/sec/pixel at 24kfps,
the expected value of Hgg,y is about the same. Of course,
these are just average or median values and there will be
outliers. Operating temperatures can also impact H g, val-
ues. The main effect of dark current is to limit the minimum
achievable bit density.

As an example, in Fig. 6 the effect of Hy,x =0.001e- on
the log D — log H characteristics is shown as a function of
read noise. Compared to Fig. 2, the largest impact is on the
lowest read noise curves, pushing them up in bit density as
limited by Hggyr. There is also little impact for H 2 10 H gy
When the same curves are plotted on D — log H, there is
little effect of the dark current observable due to the change
in bit density scale.

F. EFFECT OF QUANTIZER THRESHOLD ON BIT DENSITY
VS. QUANTA EXPOSURE
The effect of quantizer threshold on bit density as a func-
tion of quanta exposure with fixed read noise of 0.15e-
rm.s. is shown in Fig. 7 in a log D — log H plot. The
nominal threshold is 0.5e- (red dashed curve). Reducing the
threshold increases the chance of a false positive, and like-
wise increasing the threshold increases the chance of a false
negative. Further increasing the threshold Ur to 2 1.25e-
causes the transfer curve to rapidly shift from linear behav-
ior to quadratic behavior and have 2x the slope on the log
D — log H plot. Further increases in threshold cause similar
jumps in slope (not shown). It is interesting that increas-
ing the threshold from 0.5e- to 0.7e- straightens the transfer
curve at low light levels and seems to mitigate the effect of
read noise on linearity at very low light levels. Unfortunately
this effect is dependent on the read noise level and is not
recommended.

In Fig. 8, the data in Fig. 7 is replotted on a D — log H
plot to show the effect of quantizer threshold on “throat”
width.

272

! |
u, =0.15e-rms l//
|
0.1 — /i
a ———0.20e-
> 0.30e-
£ 0.40e-
] /4 | = = 0.50e- |
g oo ———0.60e-
& ! ———0.70e-
& y ———0.80e-
——0.90e-
———1.00e-
0.001 ——1.10e-
= ———1.20e-
1.30e-
; 1.50e-
:',{'\' 1.90e-
2.00e-
0.0001 N /S T B
0.0001 0.001 0.01 0.1 1 10

Photoelectron Quanta Exposure H (e-)

FIGURE 7. Bit density D as a function of photoelectron quanta exposure H
for up =0.15e- r.m.s. for various quantizer thresholds Uy. Linear and
quadratic slopes are drawn with dotted lines for reference.
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FIGURE 8. Fig. 7 replotted on a D - log H scale to show the effect of
quantizer threshold on “throat” thickness in the region where H=1.

G. SUMMARY OF ANALYSIS

The effects of read noise, dark current, and quantizer thresh-
old on the bit density output by a 1bQIS have been
analyzed.

1) The main effect of increasing read noise is to “fan”
the tail section of the D — log H curve and erroneously
elevate the low light response, preventing the QIS from
producing the low bit density representative of low
light quanta exposures. The throat part of the curve is
mostly insensitive to read noise.

2) The effect of dark current is to elevate the tail sec-
tion of the curve so that Dg,x = Hguk, Which can
be further elevated by read noise. Dark current has
little effect on the throat section of the D-log H
response curve.

3) The main effect of increasing quantizer threshold vari-
ation is to shift the “throat” of the curve mostly to the
right. Quantizer threshold variation has little effect on
the tail section of the D-log H response curve except
for very low thresholds.
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FIGURE 9. Experimental 1bQIS binary data plotted on D - log H (green
diamonds) and least-squares fit (red line) using Ur =0.502e- and
up =0.401e- r.m.s.

lil. METHODOLOGY TO ESTIMATE READ NOISE AND
QUANTIZER THRESHOLD

In the characterization of binary-output 1bQIS devices, expe-
rience has shown that estimation of read noise and quantizer
threshold has been a challenge. In [4] it was found that the
measured D-log H characteristic of some jots gave results
consistent with theory, and other jots had different charac-
teristics. Ultimately it was decided that there was significant
variation in the quantizer threshold from jot to jot and
read noise was estimated from separate analog outputs. But,
the input-referred read noise for the binary-output channels
remained unknowable from direct measurement.

When characterizing 1bQIS, the first concern is calibrat-
ing the light source for H. (Perhaps in the future a QIS-based
light meter can be used!) If the read noise is low (<0.5e-
rms), and the threshold is well-controlled in the 0.2e- to
0.8e- range (0.5e- 4/— 0.3e-) then the bit density from the
QIS should be about 0.63 when H = 1. If the quantizer
threshold is adjustable, one can creep up on the H=1 con-
dition by adjusting the light source level and the quantizer
threshold, starting from a higher light source level (e.g.,
D = 1) and creeping down (i.e., moving from right to left in
Fig. 3), while starting from a low quantizer threshold (e.g.,
also D = 1) and creeping up. It is noted that the actual
quantizer level is likely different from what is set externally
due to local circuit variations such as transistor threshold
voltage. To sweep the light quanta exposure accurately, a
rapidly pulsed light source might be used so that one pulse
corresponds perhaps to H=0.001 and 10,000 pulses corre-
sponds to H=10 (keeping the integration time constant). One
might adjust an analog voltage on the light source (e.g., LED
voltage) to creep down on the H=1 condition.

An example of estimating the read noise and quantizer
threshold from D — H data is illustrated in Fig. 9, where
the experimental data comes from [11] and fitted to (8) by
adjusting quantizer threshold and input-referred read noise
parameters.

In an ensemble of jots, it is expected that due to small cir-
cuit variations (e.g., MOSFET threshold voltage variations)
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FIGURE 10. Experimental 1bQIS density vs. exposure data for
100 randomly selected jots from [11], and model envelopes (dashed lines)
calculated using (8).

and read noise variations (e.g., due the 1/f noise variation
between source-follower transistors) there will be variation
in the D — log H characteristics. When measuring an ensem-
ble of jots, the same fitting approach can be used to estimate
the envelope of parameters for the ensemble.

An example estimating the envelope parameters is illus-
trated in Fig. 10 which plots bit density versus exposure
from an ensemble of 100 randomly chosen jots, as well as a
possible pair of envelope curves calculated using (8). The jot
data is the same as that presented in [11]. The parameters
were selected to match both the throat spread of the curve
ensemble at H=1 and the spread of the curve ensemble at
the dark end of the tail (H=0.001). The envelopes suggest
an estimated spread of quantizer threshold of 0.50e- and a
spread in input-referred read noise of 0.10e- rms. The fitted
read noise for the 1bQIS signal chain data was higher than
anticipated since analog readout signal chain PCH measure-
ments using the same jot design yielded about 0.23e- r.m.s.
median [12]. It is hypothesized that more noise is intro-
duced in the 1bQIS quantizer signal chain and further noise
reduction may be possible in the future.

IV. DISCUSSION

Using the 1bQIS bit density model, which depends on input-
referred read noise, quantizer threshold and dark current,
it is possible to estimate the input-referred read noise of
the jot and the quantizer threshold to a surprisingly fine
resolution. Small changes in read noise, as low as a few
hundredths of an electron r.m.s., and equally small changes
to quantizer threshold of a few hundredths of an electron,
have an observable effect on the bit density, D, as a function
of quanta exposure, H. While these parameter estimates that
affect fitting have some range in value that could lead to an
equally satisfying fit, the magnitude of the fitting freedom is
remarkably small. Being able to extract such parameters in
the deep sub-electron resolution regime from purely binary
output data measurement as a function of exposure is rather
interesting and potentially useful in the characterization of
quanta image sensors.
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