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ABSTRACT

Crystalline silicon active matrix imagers have gained prominence due to
their highly integrated nature in digital imaging applications ranging from star
trackers to monolithic integrated circuit cameras. In this project, the operation
and noise performance of a pixel with current mediated readout (C.M.APS) is
investigated. The total output noise power spectral density (PSD) is theoretically
calculated using small signal analysis to obtain the noise contribution of each
pixel component as well as the overall pixel noise transfer function. The
theoretical work is compared to results obtained from a circuit simulated in state-
of-the-art complementary = metal-oxide-semiconductor (CMOS) 0.35um
technology using the Cadence integrated circuit design environment. Signal
gain, noise, noise bandwidth and frequency response results are presented.
Results indicate that, in contrast to a C.M.APS pixel operating in Direct Mode, a
C.M.APS pixel operating in Difference Mode allows suppression of fixed pattern
noise components without causing an increase in random noise components.
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CHAPTER ONE
INTRODUCTION

Crystalline silicon active matrix imagers have gained prominence due to their
highly integrated nature in digital imaging applications ranging from star trackers
to monolithic integrated circuit cameras. They offer the advantages of small area
and being highly integrated which makes them simple to operate [1]-[5].

Integrated image sensor technology offers the benefits of cost effective,
imaging and on-chip signal processing functions leading to higher image quality.
These days, CMOS imagers compete with CCDs (Charge Coupled Devices) in
industry for low cost, low power applications with on-chip signal processing.

CCDs have a simple architecture consisting of a MOS photosensitive
capacitor, a parallel shift register, a serial CCD shift register, and a signal
sensing output amplifier [6]. Photon charge captured by photo capacitor is shifted
along a row of pixels to a charge sensitive read out amplifier. The charge on
each row is shifted one row down, as shown in Figure 1-1, and then readout

through the serial shift register.
Image acquisition using CCDs is performed in three steps:

1) Exposure, where light is converted into an electronic charge at discrete sites,
called pixels.

2) Charge transfer, which moves the packages of charge within the silicon

substrates from pixel to neighboring pixel.
3) Charge to voltage conversation at the output amplifier.

The charge storage and transfer operation in a CCD is shown in Figure 1-2.
Circles represent the electric charges stored in the pixel potential wells. The
charge is stored in MOS capacitors at each pixel and is transferred in between

adjacent potential wells at or near a Silicon Dioxide interface. The charges
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filled in the wells can be transferred to the adjacent wells by clocking the adjacent
gate. In this fashion, readout of pixels is possible sequentially.

A drawback of CCDs is that they are manufactured in select foundries using a
specialized process. In contrast, CMOS foundries are more common. Also, unlike
CCDs CMOS technology offers highly integrated image sensors with on chip

signal processing to designers.

A CMOS image sensor usually consists of an active matrix array of pixels
where the photo charge is transferred out by row select logic. A block diagram of
a CMOS imager is shown in Figure 1-3. Here column parallel readout is
performed by reading out each row simultaneously via the column readout

circuits.

CCDs transfer packages of charge sequentially within the silicon substrates
from pixel to neighboring pixel (serial output), but in CMOS, output pixel signals

are readout in parallel through bus lines, hence eliminating the signal
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Figure 1- 3: CMOS image sensor architectural block diagram



degradation due to CCD charge transfer inefficiency within the silicon substrates.
This allows fast and selective column readout.

Differences between CCD and CMOS image sensors lie in their sensitivity,
power consumption and their cost. CMOS imagers have more transistors and
therefore can have less fill factor and less sensitivity. Therefore, CMOS sensors
have the ability to integrate timing control units, analog and digital signal
processors on a single chip. The integration of all these support circuits leads to
low cost and more reliable products compared to CCDs [6].

In this report, we will investigate the noise properties of a CMOS sensor for
digital imaging application. In Chapter 2, we introduce some common pixel
architectures in CMOS technology. In Chapter 3, we perform a noise analysis of
a current mediated active pixel sensor that has the potential to suppress fixed

pattern noise. In Chapter 4, we summarize and conclude our work.



CHAPTER TWO
Active Pixel Sensors in CMOS Technology

An active pixel sensor (APS) is a pixel containing one or more transistors

acting as amplifiers within the pixel unit cell.
2- 1 Voltage Mediated Active Pixel Sensor (V.M. APS)

The basic form of one of the most popular V.M. APS employs a photosensor
and a readout circuit consisting of three transistors [1] as shown in Figure 2-1.

Reset _‘ Amp Read |

Photosensor —
_ SHR—L1—
T | t
1
CR:E
Read (— Tread 9 e Tinl 2

SHS ||
SHR L_|

Reset Tmsel_‘

Figure: 2- 1: Schematic and timing diagram of sample and hold read out circuit for Voltage
Mediated APS



The circuit operates in three phases: charge integration, read and reset. In the
integration phase, the reset and read transistor is switched off for the integration
period T, (integrate time). During reset, the reset and read transistor is on and in

the read out phase, only the readout transistor is on.

If a photogate is used as a photosensor, the pixel is called a photogate pixel,
and if a photodiode is used, the pixel is called a photodiode pixel. During the
reset phase, the reset transistor is switched on and the photosensor charges to
Voo -Vreserr FOr the read out phase the read transistor is switched on for a
sampling time T..a4, and photosensor charge is relayed via read transistor to the

output.

The Amp transistor acts as a voltage buffer to drive the output independent of
the diode. The Read transistor allows random access to each pixel enabling
selective readout. In a V.M. APS the output voltage signal is proportional to

photosensor voltage (Vsense) subtracted by threshold voltage of Read transistor.

Vout= Vsense - VTread (2'1 )

Therefore, the output signal changes linearly with the photosensor’s voltage.

Sampling the signal level permits correlated double sampling (CDS), which
can suppress pixel noise and threshold voltage variation in transistors due to

CMOS process non-uniformity [8].

Each sample and hold circuit consists of a sample and hold switch, a
capacitor and a column source follower to buffer the capacitor voltage. Pixel out
put signal is sampled at two different times and the resulting output is the
difference of two samples. The first sample is the data signal, then the pixel is
reset and the second sample occurs which corresponds to the reference signal.
This pseudo differential sampling removes the correlated noise between the
reference and the data signal. Reference capacitor (Cg) holds the reset value,
and signal capacitor (Cs) holds the signal added to the new value of noise, as
shown in Figure 2-2. Note that additional components can add further noise to
the signal such as kTC Noise from sample and hold capacitors and Flicker Noise



from the transistors [8]. However, the added noise is usually less than the pixel

noise.

Sample reference

Pixel output

i

+ :: Output_

Sample data

Figure 2- 2: Correlated double sampling block diagram

2- 2 Photodiode Pixels

The basic form of a photodiode pixel is a reverse biased p-n junction coupled

Vad

‘{ tReset r; Amp

Read

Column Bus

Bisse

Figure 2- 3: Photodiode APS



to an APS circuit. Photodiodes are the most common detector used in APS
CMOS circuits, They convert light to current and transfer it to a high input
impedance common drain amplifier, as shown in Figure 2-3. A typical fill factor is
20-35% [14], and the peak quantum efficiency of photodiode pixel is about 40%
at green wavelength, which is low compared to CCDs [14], and the photogate

pixel discussed next.

2- 3 Photogate Pixels

A CMOS photogate APS is shown schematically in Figure 2-4. This APS
sensor consists of a photogate, biased positively, which creates potential well
and provides storage for the photo generated charge.

——]
Photogate | j.X Reset Ve -H_
A

Figure 2- 4: Photogate APS

A transmission gate, TX, is DC biased during integration. When the photogate
is pulsed to 0V, charge is transferred under the TX gate to the floating diffusion
(FD) output node. The structure and operation of the CMOS photogate APS is
more complex than the photodiode APS, but photogates offer an improvement in
noise suppression and greater quantum conversion gain. A disadvantage is poor

quantum efficiency that almost offsets the higher gain [13].

2- 4 Current Mediated Active Pixel Sensor (C.M. APS)

The C.M. APS offer the advantages of compact size and simple design [5]. In

the 700nm process, the pixel occupies a 15x15 ym area, aliowing almost



400,000 pixels to be placed in 1-cm die. The nonlinear photon-to-output signal
transfer function of this pixel, however, must be considered [2].

A C.M. APS pixel is displayed in Figure 2-5 and the timing diagram is shown
in Figure 2-6

Active Pixel f iOUT

1y e

VI'CSC[ eVI‘II'CSe[9

< Tint >

Vread < Tlread9

Louc

Figure 2- 5: C.M. APS schematic and timing diagram

The output signal appears as a current proportional to the square root of sense

node voltage and threshold voltage of Read transistor. Therefore, output current



is highly sensitive to threshold voltage, and the spatial noise in C.M. APS is
higher than V. M. APS.

The current of Read (Select) transistor is determined by:

K (2-2)
I, =—(V, _VTAmp)2
2
Where:
K = ﬂ_CLlV_ (2-3)

W is width of T,
L is Length of T,
u is Mobility,

and C is capacitance per unit area of Silicon Dioxide.

The sense node capacitance (Cs) is composed of both the gate capacitance of
the active device and the voltage dependent photodiode depletion capacitance. A
calculation based on the pixel layout over the range of voltage expected in
normal operation, (0.8 to -2.0 V), shows that it varies between 27.2fF and 23.5fF,

with an average value of 26.1fF [5].

Neglecting the variation of this capacitance, the sense node voltage at time {,
Vs(t), can be written as [10]:

(2-4)

1 N,
V@) =V, (0)- 1yt =V, 0)-q

s S

Where N, is the number of electrons integrated onto the sense node and I,y is
the photo current of photosensor.

As shown in Figure 2-6 the C.M. APS can be used in Direct Mode (without a
reference current) and Difference Mode (with a reference current) [5]. Reference
current can be injected to pixel by an external switch.

10
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Figure 2- 6: C.M. APS in Difference Mode and Direct Mode

2-5 C.M. APS in Direct Mode

In Figure 2-7 the pixel output current is applied to current mirror directly. This
readout method is called Direct Mode.

o i

L Voo ]

Figure 2- 7: C.M. APS in Direct Mode series with current mirror
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Transistor Tz of C.M. APS in Direct Mode operates in saturation region. Drain
Source current of T3transistor, output current, is identical to drain current of the
T, transistor.

When C.M. APS operates in reset mode, all Ty, T,, T3 and T4 switches are
closed. The drain current flowing through T3 is equal to the current that flow to
Drain Source of T,. The gate voltage of T, at sense node is then reset to a value
proportional to the current that flow through Drain Source of T..This voltage is
stored on the sense node capacitance. Thus the pixel output signal is

independent of the threshold voltage of the active transistor, Ts.

During signal integration T; and T3 are open, and photo generated current
reduces the voltage of reverse-biased diode at the sense node. Readout can be
done nondestructively by closing the row-select switch. Thus the operational

sequence is reset, integration and readout.

In order to amplify the drain source current of T3, drain of T; is connected to
the current mirror T, and T, which have different aspect ratio. In other words the
circuit works in Direct Mode with a current multiplication factor n, proportion to

width and length of the transistors, W and L:

— WsL,
15 - 14 W, Ls (2-5)

When incident photons on the photo sensor, electron-hole pairs are created
leading to a change in the charge at the integration node. The change, due to a
sensor input, in the charge detection node bias voltage (V) is:

_ 40,

AVG =2

(2-6)

pix

Where AQp is the change in the input signal charge of the sensor node, capacitor
Coix, due to incoming photons and Vg is the corresponding change in the

integration.

12



During small signal operation, the change in the output current respects to
change in the gate voltage of Ty, AV, i.e. Alou=n.gnd Vs, where n is the current

mirror multiplication factor and g, is transconductance of the transistor T, and Ts.

2-6 C.M. APS in Difference Mode

Another approach to read out of the output pixel current is shown in Figure 2-
8. A current source is used to inject current to drain of select transistor, T3 Then
the difference of ler-lpix, is steered to NMOS current mirror. The external set-
switch enables the pixel signal current to be read in one of two out put modes. In
Direct Mode readout, the column reference current sources are disabled and the
pixel current is directed to a PMOS current mirror.

Vee
In:f
Active Pixel T
/7
\ Y
T 7 T 7 _

‘| I:J. Read Ts T
6

Sence node
Reset L_‘ |

Amp

VSS

Figure 2- 8: C.M. APS in Difference Mode series with a current mirror
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In Difference Mode, the switch is turned on and the difference current
between the reference and the pixel signal current is directed to an NMOS
current mirror. In Direct Mode the switch is off and the current source is not used.
Difference Mode read out reduces fixed pattern noise due to mismatches in the
column current sources [2], because the sense node voltage in reset mode is
proportional to /r.

14



CHAPTER THREE
NOISE ANALYSIS OF C.M. APS

3-1 Outline

The overall performance of each system is limited by noise that is added by
the system to signal. In order to know the sensitivity of a pixel and minimum
signal that can be detected, we have to know the total input noise of the pixel. In
this chapter, the random noise and sensitivity of both C.M. APS in Difference
Mode and Direct Mode is calculated and compared to simulation resuits.

In order to analyze these APS circuit, an AC equivalent circuit for each APS
must be generated. Small signal circuit analysis is performed to extract the pixel
transfer function, which is used to yield the output Power Spectral Density (PSD).
Each circuit is simulated in Cadence to extract its electrical parameters, calculate
the input current noise of each component, and finally calculate and piot the

output noise.

3-2 Noise in CMOS Imaging Pixels

CMOS image sensors suffer from noise more than CCDs due to the additional
pixel and column amplifier transistors that generate Thermal and Flicker Noise.
The overall performance of the sensor is ultimately limited by the noise that is
added to signal. In this sense, the actual implementation of the system is limited
by noise. Noise comes from numerous sources and its minimization requires
optimization of many individual parts of the system. Qur analysis will not consider
external noise source, such as electrical pick-up. Noise in image sensors comes

from typically either spatial noise or random noise sources.

3- 3 Spatial Noise

Mismatches in electrical characteristics of the pixels’ components, such as
those in the current mirror ratio and the component providing a threshold voltage

drop, result in a fixed pattern output current variations at flat-field illumination.

15



Pattern noise is effectively a spatial noise and does not change significantly
from frame to frame. Basically, it is non-uniform across the array; e.q. differences
in the signal generated by individual pixels to uniform illumination. Spatial noise
is divided into two components, fixed pattern noise (FPN) and photo-response
non-uniformity (PRNU).

FPN is the component of pattern noise measured in the absence of illumination
and it is mainly due to variations in detector dimensions, doping concentrations,
contamination during fabrication and characteristics of MOSFETs (doping,
threshold voltage, gain, W and L). Fixed pattern noise is due to pixel-to-pixel
variations in the absence of illumination and the main cause of FPN in CMOS
imagers is variations in threshold voltage between MOSFETSs (in the pixel and in

the column). Also irregularities in the array clocking can cause the FPN.

PRNU, photo response non-uniformity, depends on p-n diode detector
dimensions, doping concentrations, thickness of over layers and wavelength of

illumination. PRNU is signal dependent [9].
3- 4 Random Noise

Random Noise is expressed in terms of parameters, which describes the
statistical distribution of signal voltage or current. Random noise is a
phenomenon caused by small fluctuations of the analog signal. The average of

this signal is zero.

Noise results from the fact that electrical charge is not continuous but the
result of quantized behavior and is associated with fundamental processes in a
semiconductor component. In other words, it is due to the fact that electrical
charge is not continuous, but is carried in discrete amount equal to the charge of
an electron. In essence, noise acts like a random variable and is often treated as
one [4]. If there are n samples of the signal, then the mean is:

X +X,+X3+.4X,

X = . (3-1)

16



However, the mean for many noise sources is zero (leaving the DC level of
the signal unaffected). So, a more useful description of the noise is either the

variance or the standard deviation. Standard deviation is given by:

<X>:\/<X12>+<X22>+<X32>+...<X,f> (3-2)

When noise voltages are produced independently and there is no
relationship between the instantaneous values of the voltages, they are

uncorrelated. Two waveforms that are in identical shape are said to be 100%

2 A
X, A X 02
A, |
Noise equivalent BW Noise equivalen
BW
> |
B f B >
a) b)

Figure 3- 1: Spectral bandwidth a) ideal circuit b) ieal circuit

correlated even if their amplitudes differ. An example of correlated signals would
be two sine waves of the same frequency and phase. Another important factor is
the noise equivalent bandwidth as shown in Figure 3-1. This is defined as the
voltage gain-squared bandwidth of the circuit. The ideal case (Figure 3-1-a) is
that the gain is constant Ay up to the bandwidth of B, and after Bis zero. But, the
behavior of a real circuit is not abrupt. B is chosen to estimate the whole area of

under the curve.
3-4-1 Thermal Noise

Thermal Noise is due to random thermal motion of the electrons and is
independent of the DC current flowing in the component. i, is the mean square
value of the Thermal Noise current as in formula (2-7) [6]:

j2 — AKTB (3-3)
n R
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Where:
K is Boltzmann’s constant, 1.38x102 Joules/K:
T is absolute temperature Kelvin,

and R is the resistor or equivalent resistor in which the thermal noise is occurring.
3-4- 2 Flicker Noise

Flicker or 1/f Noise is an important source of noise for a CMOS transistor.
This noise is associated with carrier traps in semiconductors, which capture and
release carriers in a random manner [6].

<V:>

Af

1f

Log frequency
(Hz)

Figure 3- 2: Flicker Noise

iZ=K,-2>.B (3-4)

n F fc, 2

Where Kr =Flicker noise coefficient is 102 for 0.8um technology and 10 for 0.6
um technology, f is frequency in Hertz, Cox is Silicon Oxide capacitance per unit
area, B is the band width, L is the oxide thickness and /pis the drain current. The

noise_ current spectral density for typical 1/ is shown in Figure 3-2.
3-4- 3 Shot Noise

Another source of white noise is Shot Noise, which is associated with DC
current flow across a p-n junction. This is the result of random generation of
carriers within a depletion region either by thermal generation, i.e. shot noise or
random generation of electrons causes by incident photons. i, is the mean

square value of the shot noise current with the form :
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i’ =2qIB (3-9)

Where g=1.6x107"°C is the charge of electron;

lis the average DC current of the p.n. junction;

and (B)A4fis the bandwidth in Hertz.

The noise current spectral density can be found by dividing i, by 4Af and is

denoted as [4]:

5, =
A

3-4- 4 Reset Noise

The circuit in Figure 3-3 resents a transistor acting as a switch in series with a
capacitor C. The switch transistor is represented by a resistor R in series with an

ideal switch, where R is the ON resistor of the transistor.

U —
'E o~ /\/\/\/\_h) Vout
v, FET ——c

Figure 3- 3: RC equivalent circuit of CMOS transistor

The capacitor C can be charged and discharged through the switch resistor R
with a time constant of RC. The switching generates a noise called Reset Noise
(KTC Noise) that is given by [9]:

<i, =+KIC > (3-6)



3- 5 MOSFET Noise

Noise can be modeled by a current source connected in parallel with the drain
source current as shown in Figure 3-4. The noise current source represents two
noises, Thermal Noise and Flicker Noise. The mean square current noise source
is defined as [6]:

2 .2
L = Uhermal

8KTg,,  (KF)I

+i g = 3 fcr?

1B (3-7)

Where K is Boltzmann’s constant, C is Dioxide capacitance, T is Kelvin degree, /
is drain current, gm is transconductance, f is operating frequency, 4f(B) is the
noise bandwidth and KF is flicker coefficient with typical value of 10%%F-A [6].
The mean square voltage noise is:

i (3-8)

And the Power Spectral Density is:

52 = Ca &9
[ Af
gmb'vbs gm°vgs lf = lti + l}2’
gds

Figure 3- 4: CMOS Small Signal circuit

Where:
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En =
v,
di,
gmb - be
i
8as = st

3- 6 Noise in C.M. APS

Each component of the APS is responsible for different noise sources and
affects the performance of the system. The noise generated in each component
is the input noise for the next stage and may be even amplified [5].

<l >= \/112 S AR A (3-10)

The components’ noise source is displayed in Table 3-1.

Component Noise added
T; k Reset, FPN

Photodiode PRNU,FPN, (dark and photon) Shot
T FPN, Thermal, 1/f
Ts Thermal and 1/f (T3 noise <<T>noise )

Table 3- 1: Noise contribution of pixel in C.M, APS

Where iy, inz, ing and iy, are the uncorrelated random inputs of a linear
system having a H(w) system transfer function. The total output PSD is given

by:

Sy = [H (@) Sy +[H (@) S+t [H (@[S, &11)
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Sint, Sinz, Sina, and Sinn denote the PSD noise of each corresponding input
current.

3- 7 Noise simuiation of C.M. APS

To simulate the circuit shown in Figure 2-8, a photo sensor was replaced with
a capacitor, where the voltage on the capacitor was varied. Photo current Shot
Noise and dark current Shot Noise were obtained from the following equation:

I, =ISAT(6%_1) (3-12)

1, =290, +1,)0f (3-13)
Where;

Ip =Photo sensor dark current,

q=16x10"

Ir= Photo generated current,

and T is Kelvin temperature.

The photo current and dark current cause a change in the charge on capacitor
AQ=CAV or AQ=ng=i.At. (3-14)
I, XAt =nq

—_nq _ CAV — 26x107%%0.6 _ -9
I, =% =Co - 20005506 = | 5,610

2 =2ql,=05x10"

Where C=26x10"° [8] and t is the period of readout mode (assuming read out
frequency is 1MH?2).

Flicker Noise can be calculated by equation (3-15) [17], which W, L, gn and
Jmpbs May be extracted from the electrical parameters [10].

1 _ 1 _ KF 1 KF (3-15)
(l ) /Af f 2Co. xWLK f 2COXWL,HCOX - f 2CoxWng"; Cax
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Parameters K for P channel and N channel transistors are different in the
technology used; for example Kp=0.5x10% and Ky=102® in 0.6 um CMOS
technology, also Cox is capacitance per unit area of the gate oxide (Farad/cn?).

All noises were calculated at a frequency of 10 MHz.
3- 8 Small Signal Model for C.M. APS in Direct Mode

APS circuit was run in Cadence and set the desirable DC operating points for

each components, electrical parameters (such as transconductances,

capacitances, voltages, currents, etc) corresponding to  different bias
condition and device geometric can be obtained. These values can be used to
calculate the power spectral density noise for each transistor. The DC operating
points for C.M. APS in Direct Mode are displayed in Table 3-2. For a complete

list of DC operating points, see Appendix D.

Vs (V) Ves(V) | Wum) | Lum) |\ lo (UA) Vr (V)
Reset -1.4 0.56 0.8 0.35 0 0.50
Amp 1.4 1.963 0.8 0.35 2.1 0.42
Read 1.18 0.1 0.8 3.6 2.1 0.65
T4 -1.22 -1.22 0.8 0.35 -2.13 -0.59
Ts -1.22 -3.23 10 0.35 -70.42 -0.47

Table 3- 2: DC operation points for C.M. APS in Direct Mode

An AC equivalent circuit and Small Signal model of C.M. APS is shown in
Figure 3-5 and Figure 3-6. The Small Signal equivalent circuit of the circuit is
shown in the read out mode, i.e. gate of transistor T; is grounded, gate of
transistor T3 is connected to V. which in AC equivalent circuit is grounded. The
analytical expression for the total noise of the read out mode obtained from the
small signal equivalent circuit of the CMOS transistor was developed. The
various parameters of the small signal model are all related to the large signal

23



Select —L
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]

Figure 3- 5: AC equivalent circuit of Figure 2-7 — C.M. APS in Direct Mode series with

current mirror
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Figure 3- 6: Small Signal Circuit of Figure 3-5 - C.M. APS in Direct Mode series with current

mirror

model parameters and DC variables, e.g. gy and gps are conductance for the

bulk to drain and bulk to source junctions. Since these junctions are normally

24



reverse biased, the conductance is very small. For simplification, the small
parameters are deemed negligible to the larger parameters; for instance gmps,

transconductance of bulk source, is much smaller than transconductance of the
CMOS, gnm.

It should be noted that noise was determined in the steady state condition
only. During normal CMOS active pixel sensor operating the signal and the noise
levels reach their stationary or equilibrium level at the sampling instant. In other
words, the signal and noise transients no longer vary.

A nodal analysis in the frequency domain w=27f leads us to find the relation
for the output noise level. By using nodal analyses, the following small signal

equivalent circuit was obtained.

iy =8 V. t(V,-V)g, -SCV, =0 (3-16)
V,8uti+8u V. +V.Sc+ 8,3V, + 8, V2+i,+(V,-V,)g,; =0 (3-17)
8msVi+i +Vi84 = -85V, ~i,,+V,-V,)g,; =0 (3-18)
8,5V +8,,sVy+i+V,  (g,5+8,)=0 (3-19)
Vo, =Xy +X,dy, + Xy, + Xy, + Xy (3-20)

Where in7 ing, in3, ing @and iys are the un-correlated random inputs of a linear
system having Vy as output the total Power Spectral Density of the circuit is
given by:

Sy =|%.@) [ S, =[%,@) || S0, +|%,(0) [ Sy +[X0 (@) [ 50+ B2V

X, @) | Sus +X5 (@) | Sivs
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Where:
— 8mst8mbs . —— Bmst8mbs . — 8mst8&mps .
Xl - 84s fl’ X2 - 8ds f2’ X3 - 845 f3’

— 8msTEmbs £ . _ 1
X4"m f4’X5_

8ds 8dsT8L

For a detailed derivation see Appendix A.

Since we have obtained the total spectral density of the APS circuit, we need
the electrical parameters of each component to calculate the output voltage
noise. This information was obtained from the SpectreS models. In order to
obtain the output noise, the circuit was simulated with SpectreS models in
Cadence. After reset noise the major noise concern for an APS circuit is when it
is in read out mode, since the propagation of the signal from input to output is
crucial. To observe this operation, transistor T; was off, transistor T; was in linear
region (active mode), and transistors T,, T, and Ts were in saturation region. The
circuit was simulated in 0.35um CMOS (CMOSP35) technology. V.. was 1.65
and Vss was -1.65 to ground. Since transistor T; was off, it did not affect the
readout circuit noise. The photo sensor was replaced with a capacitor which its
voltage was increasing toward the forward diode voltage responding photon

interaction.

As mentioned previously, the sense node voltage (voltage gate of T))
depends on the DC operation of circuit during reset. The voltage at the gate of T,
adjusts itself to the current that flows to T, via Tz and T,.

The sense node voltage was varied from reverse to forward depending on the
number of photon interacting with the photo sensor and depletion layer
capacitance. The photo sensor is simulated by a capacitor in parallel with a
voltage source, where the voltage on the capacitor was varied over time. This
specified time was a read out period, 1us. The output load was 1kQ to obtain the
lowest possible noise, and so that the output current can be driven off chip by the

resistor. The resistor noise was calculated separately.
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Figure 3- 7: C.M. APS in Direct Mode simulated in Cadence

To minimize the charging time on the drive side, the current mirror transistors
were given a large W and a small L to provide a high transconductance at the
output. The aspect ratio and DC bias voltages were chosen to obtain the desired
operating points. C.M. APS in Direct Mode is simulated in Cadence as shown in

Figure 3-7.

Since every 1us the photo sensor is read, the period of signal is 1us. The
noise bandwidth of the circuit measured in Cadence was 87MHz (Af=87MHz).

3- 9 Noise Transfer Function of APS

The output PSD of the circuit was obtained by extracting the electrical
parameters for the circuit after simulation. The electrical parameters for the
above APS circuit were printed out in Cadence and are presented in Appendix D.

The operating frequency was f<100 MHz, neglecting the parasitic capacitors
the transconductance of photo sensor obtained:

Y, =L = 27fC = 2 x85x10° x 26 X107 = 13.8 (3-22)

c T X,
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The transfer functions were calculated from the electrical parameters. These
transfer functions are difficult to handle analytically, unless simplifying them by
doing some very reasonably assumption and calculations. Using the
multiplication factors of the transfer function in Appendix A and B, we obtain:

— 1_\2 1 2 1 2 1 2
Sv, "‘(364;4) SiNl +(40.63;4) SiNZ +(2694.8ﬂ) SiN3 +(43,61ﬂ) SiN4

ou.

(3-23)
+ (10115;1 )2 Sins

3- 10 Output Current Noise of C.M CMOS APS in Direct Mode

In order to calculate output PSD noise, Syy, the PSD of each corresponding
input component (Sins, Sinz, Sina, Sing, Sins @and Sinaicas), are constant for white
noise and inversely proportional to the frequency for the Flicker Noise, are
calculated.

Transistor T, operates in saturation region, transistor T3 operates in linear
region, transistor T, operates in saturation region and transistor Ts operates in
saturation region and also bring the current noise of the load resistor into
account, the output PSD of each component is demonstrated in Table 3-3 (for
details, see appendix B).

If we exclude the noise of load resistor, the total active components noise

becomes:

Sy, =8y + 8y, + Sy + 8, +S,5 =(0+218+0.04+101
+4.53)x107"* =324x107°V?/ Hz

The contribution of each signal noise to form the total PSD noise is calculated in
Table 3-4.

If we add the load resistance noise (16aV¥/Hz) to active component noise
(324aV2/Hz) the total output PSD noise becomes 340aV2/Hz.
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Source PSD (A</Hz)
Sini 3.07x10™°
Sine 3.6x107
Sinz 3.05x10™
Sina 1.92x10™
Sins 4.67x10
SiNRioad 1.65x10%
Source PSD (V/Hz)
Sv1 0
Sve 218.12x107"*
Svs 0.04x107'®
Sva 101x107"®
Svs 4.53x107"®
S\Ricad 1.60x107"

Table 3- 3: a) input b) output - PSD noise of C.M. APS in Direct Mode

a)

b)

Source

Svs

SV2

Svq

S Vs

Contribution %

0

67.35

0.01

31.24

1.4

Table 3- 4: Contribution of each component in total PSD noise in Direct Mode

The output noise waveform plotted by Cadence in Figure 3-8 shows that the
total out put PSD noise of APS circuit in Direct Mode is 327aVf/Hz.

Signal waveforms, frequency response, transient response and noise
response of APS in Direct Mode plotted by Cadence in Appendix C. The noise
bandwidth was 87MHz, total output noise at V, was 1.75fV?/Hz, and output
spectral noise density at V; was 4.07fV%/Hz. Gain of the circuit at sense node

was 1, and at V; was 2.85.
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Noise Response
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Figure 3- 8: Total output PSD noise of C.M. APS in Direct Mode

3- 11 Small Signal Model for C.M. APS in Difference Mode

Another approach to read out of the output pixel current is to use a current
source to inject current to drain of select transistor, Ts. Then the difference of /.-
loix, is steered to NMOS current mirror. An AC equivalent circuit of the C.M. APS
and its small signal circuits in Difference Mode are shown in Figure 3-9 and
Figure 3-10. This Small Signal equivalent circuit of the circuit is shown in the read
out mode, i.e. gate of transistor T; and T, is grounded, gate of transistor T3 is
connected to V., which in AC equivalent circuit is grounded. The analytical
expression for the total noise of the read out mode obtained from the small signal
equivalent circuit of the CMOS transistor was developed. The various parameters
of the small signal-model are all related to the large signal model parameters and
DC variables, e.g. gvg and gss are conductance for the bulk to drain and bulk to
source junctions. Since these junctions are normally reverse biased, the
conductance is very small. For simplification, the small parameters are deemed
negligible to the larger parameters; for instance gmps, transconductance of bulk
source, is much smaller than transconductance of the CMOS, gp.

A nodal analysis in the frequency domain w=27f leads us to find the relation
for the output noise level.
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Figure 3- 9: AC equivalent circuit of Figure 2-8 - C.M. APS in Difference Mode series with a

current mirror.
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Figure 3- 10: Small Signal circuit of Figure 3-9 - C.M. APS in Difference Mode series with a
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current mirror.
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Using nodal analyses, following small signal equivalent circuit for noise was

obtained:

iy = 8mV, +(V,=-V)g, —SCV, =0 (3-24)
V)8 tiya t 8,0V, +V..Sc+ 8,:Vo + 8,03V Hins +(V, =V)g,, =0 (3-25)
8msVs T 8sVs TV, (8us +8,)+i =0 (3-26)
8msVs t &mvsVs T Vour (845 + 8 ) +is =0 (3-27)
Vo, =Xy + Xody, + Xaidys + Xy, + Xdys + X e (3-28)

For a detailed derivation see Appendix A.

As iny, inz, Ins, ing, Ins @and iyg are the un-correlated random inputs of a linear
system having Vy as output voltage noise the total output APS noise in

Difference Mode circuit is given by:

Sw =|X (@) \Z-Sm =|X1(a)) \Z.S,.Nl +|X2(a)) |2_5W2+|X3(a,) |2-Si~3+ (3-29)

2 2 2
X (@) |8, yu +[ X5 (@) [ Siys +]|X (@) | Siye

The total spectral density of the circuit was simulated to determine the electrical
parameters. C.M. APS in Difference Mode is simulated in Cadence and

displayed in Figure 3-11.

The electrical parameters determined during simulation as shwon in Table 3-
5. The DC operating points are displayed in Table 3-5. For a complete list of DC

operating points, see Appendix D.
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Figure 3- 11: C.M. APS simulated in Cadence in Difference Mode

—— Ve

>1-1.65
DA

__'VSS

VSS

—gnd

TVl

Ves(V) | Vas(V) | Wum) | Lm) | lawA) | Vr(V)
Reset -1.4 0.64 0.80 0.35 0 0.54
Amp 1.4 2.04 0.80 0.35 2.15 0.42
Read 1.10 0.15 0.80 3.50 2.15 0.62
T 1.10 0.18 0.8 3.5 100 0.70
Ts 2.19 2.19 0.80 0.35 97.84 0.42
Ts 2.19 1.96 10.00 0.35 0.41 0.41

Table 3- 5: A typical DC operation points for C.M. APS in Difference Mode
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Using these electrical parameters and using the same methods to calculate the

transfer function of the system, we obtain the folowing equation:

2 2 2 2
it (ﬁ) SiNl + (ﬁ) SiNZ + (m) SiN3 + (7415—"1) SiN4 +

1 \2 1_\2
+(36—17) SiN5+(1073,u) SiN6

SV

In order to calculate the output PSD noise, Sy, the PSD of each
corresponding input component (Sins, Sine, Sina, Sing, Sins, Sine @Nd Singioad , Which
are constant for white noise and inversely proportional to the frequency for the

Flicker Noise, was calculated.

Transistor T2 operates in saturation region, transistor Tz and T, operate in
linear region, transistor T5 and transistor Ts operate in saturation region and also
bring the current noise of the load resistor into account, the output PSD noise of
each component is demonstrated in Table 3-6 (for more details see appendix B).
Total output PSD noise of the circuit excluding load resistance noise is:

Sy, =8, +8,+8,;+8,,+S,5+8,,=(0+61.2+0.01+0.00021
+225+21.8)x107"* =307x107*V?/ Hz

The contribution of each signal noise to form the total PSD noise is calculated
in Table 3-7.

If we add the load resistance noise (14.3aV%/Hz) to active components’ noise
(307aV4/Hz) the total output PSD noise becomes 321.3aV?/Hz

=38, + Sy, + Sv3 + Sy, Svs + 8,6t S vRioad =

VTmal

=307 x10™® +14.3x10™"® =321 x10™®V?/ H;

The output noise waveform plotted by Cadence shows that the total output
PSD noise of APS in Difference Mode is 301.3aV%/Hz (as shown in Figure 3-12)
Signal waveforms, frequency response, transient response and noise response,
of APS in Difference Mode plotted by Cadence are shown in Appendix C. The
noise bandwidth was 98MHz, total out put noise at V. was 71aV2/Hz and output
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spectral noise density at V; was 2.2f\/’/H,. The voltage gain of circuit at the

sense node was 1, at V;was 2, and at Vyiference Was 0.4.

Source PSD (A%/Hz)
Sing 3.07x107°
Sinz 3.64x107%
Sing 2.35x107% )
Sing 4.25x107*
Sins 1.87x107%
Sins 2.15x107%
SinRioad 1.65x107%
Source PSD (V¥/Hz)
Sv1 0
Sve 61.2x107"*
S 1.05x107%
Sva 2.1x107% ?
Svs 2.25x107
Sve 1.87x107"
SvRioad 1.43x107"
Table 3- 6: a) input b) output- PSD noise of C.M. APS in Difference Mode
Source Svi Sve Svs Svs Svs Sve
Contribution% | 0 20.17 0 0 73.7 6.1

Table 3- 7 Contribution of each component in total PSD noise in Difference Mode

35



Noise Response
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Figure 3- 12: Total output PSD noise of C.M. APS in Difference Mode

3- 12 Noise Results Summary

The total noise for the circuit obtained from Cadence in Direct Mode was
327aV¥/Hz. The noise measure includes resistor noise. The resistor noise was
determined through calculation, 16aV¥/Hz, and added to the other APS noise
sources, 324aV4/Hz, and obtained a value of 340aV%/Hz. This result is close to
the simulated waveform obtained in Cadence. There is a less than a 4%
difference between the calculation and Cadence results. Note that the formula
considered the small signal parameters as negligible as compared to large signal

values. These discrepancies accounted for the variation.

As we expected, transistor T, is the major generator of noise (67.3% of the
total noises) followed by T, and Ts because these devices all operated in the
saturation region. The second largest noise source is Ts, which was the first
transistor of the current mirror. Transistor T; (which operates in the cut off region)
and T3 (which operates in the linear region) do not contribute significant noise to

the system, and their cumulative contribution can be approximated to be zero.

Revisiting the AC response of the system and moving backward from Vyirect 10
V,, we see the de-amplification of signal to 25% of its original value- from 2.82 to
0.72. This means the noise created by T, also degraded while crossing other

active components. Also output noise plotted at V;, Vo and Ve, NOise changes
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from 4 to 2 and to 0.7 respectively. This confirms by itself that transistor T, has
the largest noise contribution. The bandwidth of the circuit is 87MHz.

Assuming the signal level at Vgqns6 is 1; the signal level was amplified by a
factor of 2.8 by transistor T, and de-amplified to 1.75 at V>. It is then again de-
amplified to 0.72 at output, V. These signals are plotted in Appendix C. Vionse
drops from —250mV to -320mV (towards forward bias) within the 7 us period of
time. The signal at V; starts to increase from 370mV to 470mV. It decreases from
410mVto 530mV at V,, and at Vi it drops from =1.5mVto —1.62mV.

Voltage signal, voltage noise, voltage signal gain and voltage noise gain of
CM CMOS APS is brought in table 3-8.

Noise
BW
V. v1 Vz vout vouth vou|N1 vou( Nz Vz N.
MHz
Gain Gain Gain Gain
Direct Signal | 1V 28V 175V | 07V | 0.7 0.25 0.4 1.75
Mode Noise | X=2.18 | 4.05f | 1.7507 | 327a | 0.15 0.08 0.19 0.80 87

fV¥Hz | V¥Hz | V¥Hz | V¥Hz

1V 192V | 0.182 034V | 0.34 0.18 1.87 0.18
. v
Difference | Signal
mode 97
Noise X=1.21 2.22f 71a 301a 0.24 0.13 4.23 0.03

fV¥Hz | V¥Hz | V¥Hz | v¥Hz

Table 3- 8: Signal and noise performance for C.M. APS

The width and length for the transistors in Direct Mode and Difference Mode
were chosen to be the same value in order to have a better compare of their
overall circuit performance. The goal was not to optimize the noise performance
of the circuit or to amplify the signal level, but to analyze and calculate both

modes of the circuit.
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In Difference Mode we have an extra component that works in the linear
region, and does not add a significant noise to the system. Consequently, it is
not expected to have too much of a difference in total output noise. Also
transistor T, and T were changed from P-channel to N-channel which inherently

creates more noise due to the fabrication process [4].

In Difference Mode, transistors T;, (which works in the cut off region) T3 and
T4, (which work in the linear region), do not generate significant noise to the
system, and their contribution is approximately zero. Transistors T,, Ts and T;

are the major noise sources, as they operate in the saturation region.

The total noise is calculated to be 321aV¥/Hz, and it is 2.3% less than what
we calculated in Direct Mode, 327aV%/Hz. Total noise obtained in Cadence was
301aV¥/Hz, which is 6.5% less than the noise obtained from Cadence in Direct
Mode, 321 aV%/Hz. Signal level and AC response of the circuits were plotted by
Cadence and displayed in Appendix C. In Difference Mode, the bandwidth of the
system is a bit more than direct mode and changed form 87 MHz to 97 MHz.

In Difference Mode, the noise generated at V, is almost half that of the noise
in Direct Mode, as it changes from 4fV2/Hz to 2.2f%/Hz. This is because Tj is
parallel to transconductance of the new transistor T, and the Hx(w) drops from
1/40u (in Direct Mode) to 1/77u (in Difference Mode) and noise voltage gain was

decreased.

In Direct Mode total output noise obtained in Cadence is 321aV%/Hz and with
signal noise gain 0.15, input noise becomes 2.18fV%/Hz. It is sensitivity of this
APS. Other words the minimum signal level that APS can detect at sense node is
2.18f and the input signal should be more than that. In Difference Mode the total
output noise obtained in Cadence was 311aV%/Hz and with signal noise gain
0.13, input noise became 2.31 f\2/Hz. Other words the minimum signal level that
APS can be detected at sense node was 2.31fV%/Hz, and the input signal should
be more than that. It means the total output noise of Difference Mode was less
than Direct Mode, and the sensitivity of Difference Mode was more than Direct
Mode.
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3- 13 Power Consumption

Power consumption of the circuit in Direct Mode measured by Cadence was
245.9mW, and in Difference Mode was 245.8mW.
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CHAPTER FOUR
CONCLUSION AND SUMMARY

Current Mediated APS offers the advantages of compact size, simple
operation, and low power supply and threshold voltage, but their performance is
limited by noise due to their sensitivity to mismatches in device threshold voltage.
These features encourage designers to find a solution with these components,
while seeking ways to overcome their disadvantages.

A C.M. APS can operate in two modes. These modes have been
characterized and their performances were analyzed. Small signal analysis was
used to calculate the total output noise C.M. APS and Contribution of each
component in total output noise and sensitivity were calculated. Both circuit
modes were simulated in Cadence and electrical parameters and signal
waveforms were extracted. It was shown the largest noise source was transistor

T». Bandwidth, signal gain and noise gain were also calculated.

The total output noise that was extracted from the theoretical analysis was not
exactly identical to the Cadence simulation, because of the assumptions were
made in the hand analysis. However, the figures for both were fairly close. One

of the reasons for the discrepancy was the use of a fixed value of Ron in Thermal

Noise calculations ((i,)>/Af =4KT/R,,). It should also note that some circuit

parameters (ex. parasitic capacitance) were not included in the analysis, creating
some variation between the calculated and measured quantities. Power

consumption for both circuits was almost identical.

The objective of this project was to analyze, calculate and compare the noise
performance of both C.M. APS in Difference Mode and Direct Mode. We
showed that the FPN is reduced in Difference Mode. Also voltage noise in
Difference Mode at V,, V, and V, . is less than Direct Mode for identical
components. Although the C.M. APS design was not optimized in this project, it
is possible to improve the gain and noise performance of the C.M APS by

detailed circuit and layout design.
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APPENDICES

Appendix A - Transfer Function of APS

For a C.M. APS in Direct Mode the small signal input equations are as
below:

ivi—&uV, t(V,=-V)g, —SCV,. =0

+g,+SC ] '
V2:gm1 gdl VS+1N1 ,VS:gdl V2+lﬂ(l)vVhere;K2:gml+gd1+SC
8a 8a1 K, K,
V.=K.V +iN_4+iN_3
3~ BsYy
Ky
gd3 g,,,2 + SC in2 in3
V. = V. - Vi + 2=+ 2=(2)Where: K, = + — 843
: K, ? K, ’ 1 Kl( : T Ee T8 e
+
K, =1+502¥5C, 8a
g k2

Vi8ar tipg T8V, tV,.Sc+ 8,3V, +8,,,V2+i,+(V,-Vy)g,; =0

2—5V, = Em 7O +SC(@% +iﬂ +—i"—2+i"—3+@
8. k, k,” k kK
V,——V, = Ai,, + Biy, + Ciy, + DV,(5)
Using (1) in (2), we obtain the relation between V2 verses V.
Vi(8ur t 8my t 8y —8az) Tl iy — V38, tV.(SC+g,,)=0

A=

_8m +5C e B = ! +,C = ! D=2
8m3 K,K, KK, KK,

Vil8ma * 8aa +843) Hing =Vo (=83~ 843) Tins

V. =— 8m3t8d3 iNating
3 8mat8ast8ys 2 8mat8aat8y3

3—5>V3 = Ks(Aiy, + Biy, +Ciy, +DV3)+%_;+%;-(6)

Where.K3 = 8,4 T 8,4 T 8,3
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K. =— 8m3t8as
5 8mat84at84s3

V,(1- K.D)= K Ai,, + KBi,, + K.Ci,, + 2 +’,§33

fl_(lKSD)’f2(1 D)’f3 (IKSD)’f4 (11(1))1(3

v, = fliNl + foly, + fsizvs + f4i1v4 ©)

EnsVst &mpsVs T 8asVou +ins =0(8)

out

By placing (7) in (8), we get:

— i" (g"l +gm ) —_— in (gm +gm ) : * . .
Vou =g T g V3_g_js+ SgdS 2= (fiin + Lol + fiins + faina)

out 8ds 84ds

Vo = Xjdy + Xoidy, + Xy + Xy, + Xgidys
Where:

— gm5+gmb5 . — 8mst8&mss . X — 8mst&mss
Xl 8ds fl’ X2 8ds fz’ 3 8ds f3

__ 8mst8mbs . — 1
X, = dosttus £ =

845 8ast8L

Since ggs is 15 and g; is equal to 1000y, the transconductance was obtained:

-1 —_1
Xs= gastgL 10154

By calculating all multiplication factors, we obtain:
_ 2 2 2 2 2
Svn - (36}”1) SiNl + (40.;5;1) SiN2 + (26914/1) SiN3 + (43.21;1) SiN4 + (10115;1) SiNS

As in1, ing, in3, ing, ins, @nd ing are the un-correlated random inputs of a linear

i

system having Vi as output, the total spectral density of our circuit is given by:

2 2 2 2
=X (@) |S; 4 =[X,(@) | Sy +|X2(@) | Sy +] X5 (@) |8, s +
2 2
+|X (@) [,y +|Xs(@) | Sis
The same method leads us to calculate the out put power spectral density noise

for Current Mediated APS in Difference Mode:
= 8mVs TV, -V)g, —SCV, =0
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_8m +84. +SC

Ve + Mgy, =Say v

v,
a1 8a K, K,

WhereK, =g, + 8, tSC

Vi(8a2t 8mst 8mps —8a3) Tyt~ V38tV (SC+g ,)=0

V, 84 tintg,, V. tV.Sctg, .V, +8,.,,V2+i,+(V,~-V,)g,; =0

843 8m2 +5C Ly g
V, = Vi - Vit =+ =(2)Where.K, = g, + 8,3 ~ 843
K, K, K, K,
+ . . .
2_1_)V2 :_M(@VZ +lﬂ)+i2_+ L3 +&§.
8ma K, K, K, K K,

V,—V, =Ai, +Bi,+Ci,,+DV,

K, :1+—g"‘2+SC><i’L
gm3 Kl

Vi(8mat 8aat 83T 8as) Tina tins TV (83— 8a3) iy =0

+SC 1 1
A=-8mlor L B=—+,C=——;D=50
8 m3 K,K K,K K,K,
V. = E&m3t 843 inatinstiys
3 Emat8ast8art8as 2 8mat8aat8a3t8as

Where.K3 = 8,0 v 844 T 843t 845

K =— 8mit8&as
5 8mat8aat843

__ iNa i
gm6V3 + gmb6‘/3 + gdSV()ut + in6 = O

V. =X i+ Xy + Xpidygy + Xy + Xodys + X g

out
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Appendix B - Power Spectral Density in Direct Mode and Difference Mode

In order to calculate the output noise, the output current noise of each
component was calculated.
Transistor T; turns off in read out mode:

S =(iy)*/Af =4KT IR

S = ln)? 1 Af =4x1.38x107% x300/5.39Y =3.07x107°

Transistor T, operated in saturation region the output current noise was:
S, =(iy,) I Af =4KT /(3/2¢g,,)

(iy,)* 1 Af =8x1.38x107x300x32.78x10°/3=3.6x107>

Transistor T3 operated in linear region and the output current noise was:
Ss =(iys)? /Af =4KT /R
(iy,)’ 1 Af =4x1.38x107°x300/54.3K =3.05x107%

Transistor T4 was in saturation region:

Swa = (iyg)* 1 Of =4KT I52)+ K L

(i)' 1 Af =8x1.38x1072 x300x17.64u/3=1.92x107%

Transistor Ts was in saturation region:

Sws = (iys)* /1 Af =4KT I(3) + K

&
fb

(iys)?/ Af = 8x1.38x107 x300x425.3u /3 = 4.67x107%

Current noise of the load resistor was calculated to be:

(ingioed ) !/ Af =4KT /R =4KT /1K =1.65x107%

We have:

Sv,, = Gam)" St + (aoksn)” Sz + Gaagig) S + (k)" S

2
+ (10115;4) Sins

From the output current noise, the total output Power Spectral Density was:
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Svi = (3_615)2Sim =~0

Sy = (qobg)’ Siy, =204 = 218.12x10™*V?/ Hz

(40.63u)?

Sys = (ars)’ Sy, = 22402 = 0.04x107"*V? / Hz

(2694u)>

Sya = (352)7 Sy, = 12102 =1 01x10™° =101x107*V?*/ Hz

(43.61u )

Sys = (555)° Siys = = 46707 — 4 §53%107"*V?/ Hz

(1015x)?

= (1) S rrons = ST =1.60x107V?/ H

1015u (1015u)?

VRivad

If we exclude the noise of load resistor, total noise becomes:
v =Sy tS, 85+ SvatSys =

=(0+218+0.04+101+4.53)x107"° =

=324x10"°V?* /Hz

Contribution of each signal noise to form the total noise PSD is calculated as

follows:

S, =0%.;.8,, =67.3%.,.5,, =0.01%...S,, =31.2%...S,; =1.4%

The output noise waveform plotted by Cadence shows that the total out put noise
Power Spectral Density of APS circuit is:

S, =327x107%V?/H;

out

This noise includes the load resistance noise.

Excluding the load resistance noise, the simulation gives us 327-16 = 301
aVé/Hz.

In Difference Mode the input current noise can be calculated as folow.

Transistor T4 turns off in read out mode:

=(iy,)*/Af =4KT /R
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=Gy ) Af = 4x1.38x107° x300/5.39Y =3.07x107*

Swa = (iys)? 1 Af = D28 — 851.38x107 x300x33.1x10°/3=3.64x107

Sws = (ins)* 1 Af =4KT /R = 4x1.38x107 x300/70.16k = 2.35x107%

Sivs = (ina)? 1 AF = 2K028ns — 3K12 5387 21y = 4.25%107™

Ss = (iys)? [ Af = 2285 - 4KD2 170, 5 =1.87x107™

v = (i) | Af = 2EE2Ene = $KI2 51 96 = 2.15% 107

(iNRLM)Z /Af =4KT /R =4KT /1K =1.65x107>

Now the output Power Spectral Density of each corresponding input constant to
white noise is calculated as below:

S, =0

Sy = (k) Siva = 28907 = 612107V / He
23507 _ —20y/2

S 473m) W—IOSXIO V°/Hz

Sys = ()’ Sys = 22 =2 1x107°V?/ Hz

(444.5m)>

Sys = (grie)? S5 = L2902 = 2 25%107°V? / Hy

(91.16u)*

ve = (W)ZSI_ — 21530 _ 1 87x1077y? / Hz

(1073u)?

S\VRioad = (1073u) S iNRload = M =1.43x10""V?*/ Hz

(1073u)?

Total noise power spectral density of the circuit excluding load resistance noise
is:

Svm, =Sy + Sy, + 8y + 8y, +8ys + 8y =
=(0+61.2+0.01+0.00021+225+21.8)x107"® =
=307x107"%V?/ Hz

S, =0%:;S,, = 20.19%;S,, = 0%;S,, =0%:;S,; = 73.08%:;S,, = 6.85%
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If we include the resistor load noise we obtain:

SVTM =8, +Sv2 +8,5 + Sy +Sys +8y6 SVR_Load =

=307x107"® +14.3x107" =
=321x10"®V?/Hz
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Appendix C- Signal waveforms of C.M. APS in Direct Mode and Difference
Mode

Signal waveforms of APS in Direct Mode plotted by Cadence in Figure 4-1 to
Figure 4-9. As mentioned before its noise bandwidth was 87MHz. Total out put

noise at V> was 1.75 and out put spectral noise density at V; was 4.07.
Noise Response
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Figure 4-1: Total output noise at Vg ect
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Figure 4-2: Transient voltage at Vg, and V,
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Figure 4-3: Output noise at V,
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Noise
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Figure 4-4: Output noise at V,

2.85.

Frequency response at Vgense and V; and transient response is plotted in Figures
4-5 to 4-9. At the sense node gain of circuit was 1 and at V; gain of circuit was

AC Response
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Figure 4-5: Frequency response at V; and Vg in Direct Mode
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Transient Rezponse
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Figure 4-6: Sense node voltage in Direct Mode
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Figure 4-7: Transient response at V, in Direct Mode
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Figure 4-8: Transient response at V; in Direct Mode
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Transient Response
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Figure 4-9: Transient response at V. in Direct Mode

Noise, transient and AC response for the APS operating in Difference Mode
simulated in Cadence is plotted in Figure 4-10 to Figure 4-20.
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Figure 4-10: Total output noise in Difference Mode
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Figure 4-11: Output noise at V, in Difference Mode
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Noise Response
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Figure 4-12: OQutput noise at V, in Difference Mode
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Figure 4-13: Transient response at sense node in Difference Mode
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Figure 4-14: Transient response at output in Difference Mode
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Transient Response
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Figure 4-15: Transient response at V, in Difference Mode
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Figure 4-16: Transient response at V, in Difference Mode
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Figure 4-17: AC response at sense node in Difference Mode
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Appendix D - Electrical Parameters of C.M. APS
Difference Mode
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