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Abstract

Infrared Focal Plane Arrays (IRFPAS) are important agti-tech systems, which are used
in many strategic applications, such as medical imagnigsile guidance, and surveillance
systems. The most important building blocks of IRFPAs detectors and Readout
Integrated Circuit (ROIC). Both of them need carefuliglieand implementation for the
overall system to be succesful. Detector part prodireephoton induced current and sent
to the input of ROIC. Detector design and fabricatietedmines the operating wavelength
and main noise performance of the imaging system. Onother hand, ROIC is the
interface element between the detector and microcommit¢he IRFPA system, and
determines important performance parameters of the obwerstiem; such as linearity,
dynamic range, injection efficiency, noise performeaifless effective than detector), and
power consumption. Therefore it is important to desigd implement a ROIC, that fits

best to the desired application.



In this thesis, a CMOS ROIC is designed and implenaeftie scanning type of 72x4 P-
on-N HgCdTe detector array in 0.35 pm, 4 metal 2 poly AMS GM#ocess. Current

Mirror Integration (CMI) is used as the unit cell bEtROIC. For the signal processing,
Time Delay Integration (TDI) over 4 elements with @ptical supersampling rate of 3 is
used for improved Signal-to-Noise Ration (SNR). Thegiexi and implemented ROIC
has the properties of bidirectional scanning, variablegiat®n time, adjustable gain
settings, bypass functionality, automatic gain adjustmand pixel selection/deselection
functionality. ROIC is programmable through a serial angarallel interface. Gain

settings, TDI scanning direction, information of mulfuooing pixels, ROIC operation

mode (test or TDI) can be programmed by using these ioesf®perating frequency of
the ROIC is up to 5 MHz, while the dynamic range is 2.8 V.



72x4, P Uzeri N tiri HgCdTe UZUN DALGA BOYU KIZILOTES DEDEKTOR
D Z N icin ENTEGRE OKUMA DEVRES N N GERCEKLE T R LMES
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EE, Master Tezi, 2008
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Ozet

K z I6tesi gorunttleme sistemleri medikal goruntulenggidimli fuze ve goOzetleme
sistemleri gibi stratejik uygulamalarda kullanlan 6nemyuksek teknoloji iceren
sistemlerdir. Bu sistemlerin iki en dnemli béai dedektér ve okuma devresidir (ROIC).
Her iki bile en de sistemin en yuksek performansla aallmesi igin dikkatli tasar m ve
uygulama gerektirir. Dedektor kzlotesi may foton ak mna dontlrerek okuma
devresine gonderir. Dedektor ayn zamanda sistemin harga d@lyunda calaca n ve
guraltt performans n belirler. Okuma devresi (ROIC) isdett&dr ile gorunti sinyalini
i leyecek olan mikrodenetleyici aras nda bir araytzdir, verusall k, salnm aral ,
foton ak mnn yuksek oranda alnmas, gurulti performagdg tiketimi gibi sistem
performans n belirleyen 6nemli parametreleri belirler. &beple istenilen 6zelliklere
uygun ve uygulamaya en iyekilde cevap verebilecek okuma devresini (ROIC) tasafkam

ve uygulamak dnem tkil eder.
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Bu tezde N katman Uzerine P katman yla tlwlmu, 72x4 HgCdTe k z l6tesi dedektor

tasarlanm ve fiziksel serimi yap Imtr. Okuma devresinin giri hiicresi olarak ak m
aynalamal entegrasyon (CMI) kullan Irr. Daha iyi sinyal-guriltt oran (SNR) icin
sinyal ileme algoritmas olarak 4 piksel Uzerinde 3 0Orneklemeuygulanan zaman
geciktirmeli entegrasyon (TDI) teknikullanIm tr. Tasarlanan okuma devresinin cift
yonli tarama yapabilme, hatal piksel belirleme, belintehatal piksellere gére piksellerin
secilip secilmemesinin tayin edilebilmesi, hatal pilere gore otomotik kazang ayar
yap labilmesi, dei ken kazang seviyeleri secebilme, dken zamanlarda entegrasyon
yapabilme ve seri/paralel olarak programlanabilme 6zetiikhevcuttur. Kazang seviyesi,
tarama yonu, hatal piksel bilgisi, okuma devresinin opgerasnodu seri/paralel araylz
taraf ndan programlanabilir. Okuma devresinin ¢ah frekans 5 MHz, ¢k salnm
aral ise 2.8 V'tur.
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1 INTRODUCTION

1.1Introduction

Infrared (IR) radiation was found first in 1880 by Sir With Herschel when he was
repeating Newton’s experiment. He detected the heateinadion just above the visible
spectrum. Planck formulated the amount of energy ratliaden a blackbody as a function
of temperature and wavelength in 1900. Then, during the Wdaldll period, origins of
the modern infrared (IR) imaging technologies emerged. BUe%0’s and 1960’s infrared
sensors were built using single element cooled lead dstkctors, while important
improvements were made in narrow bandgap semiconductord) wbuld help improving
wavelength and sensing capabilities. In 1970s, forward lookimgred systems (FLIR)
systems were developed and charge coupled device (CCD) waseithvin the following
20 years, improvements in VLSI technology led to thagtesf large array sized CCD
devices, which took place in parallel with the improveméntsfrared Focal Plane Arrays
(IRFPA); arrays of detectors with its readout eledt®mn the focal plane. CCD devices
are used in visible spectrum, while IRFPA devices are usd® ispectrum. In CCD
technology, both detector and readout electronics aresilicon, while in IRFPA
technology, due to the need to small bandgap materidbstdes and readout electronics

are built on different materials which are flip chimbed later [1].

Infrared imaging systems are used in number of applicasiotis as medical examination,
astronomy, FLIRs, missile guidance, surveillance systeand some other strategic
equipments. An infrared imaging system generally conefstsur parts: optical part, with

scan system if it is a scanning type device, detector,outa€electronics and signal

processing part as shown in Fig. 1.1.
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Figure 1.1: General architecture of scanning array IR imagstg s

There are a couple of classification methods for F@As of which is the image capturing
system. In the image capture system, there two typERA$: Scanning Arrays and Staring
Arrays:

In scanning array systems, there is one column of wetexcapture the image. According

to the noise reduction technique used, there can be foewven sletectors for a column of

image. This type of FPAs scan the image with a consfaeed and take the image column
by column. Due to the scanning functionality, frame rafehese systems are slower than
staring array systems. Super sampling rate, hence nurhteteators for a column, should

be increased to enhance the spatial resolution of scannig FP

On the other hand, staring array FPAs do not use aoabgtanner, instead all detector
array is fabricated such as 2040x2040 array. So, therenisatbto scan the image, because
there are enough number of detectors to capture the im3tging array systems have

better spatial resolution and higher frame rate.

Another classification method for FPAs is based @nittegration method of detector and
readout electronics. There are mainly two type of stres: Monolithic array structure and
hybrid array structure.



In monolitic array structure, both the detector and imlekking part are on the same
substrate, meaning that monolithic arrays are limitedlitbs compatiple process. Some
examples of monolithic array structures are Schottkyidyadetectors, micromachining
bolometers and extrinsic detectors on silicon sulestfatie to the limitation of detector
types feasible for silicon process to be used in mdnolgtructure, their sensitivity and

spectrum is limited [2].

In hybrid array structure, detector array and readouttrel@cs are built on different
substrates. They are connected through indium bump®aphdle interconnection as
shown in Fig. 1.2 [3]. The interconnection method using mdhumps to connect the
aligned detector array with the readout electronicsliea flip chip bond technique. With
this technique, every single detector is connected to itesmonding readout part via

indium bumps.

Ty

Metallzason
—Loophois inerconrect
i }

Figure 1.2: Hybrid detector array with indium bump and laigh
connection techniques [3]

IRFPAs are also classified according to their detetyjoes, which are thermal and photon
detectors. The way they detect the IR illuminatiordiiéerent for thermal and photon

detectors.



In thermal detectors, the incident radiation absorbedhey crystal lattice leads to a
temperature change which changes the physical and ed¢qiroperties of the detector.
They are generally operated at room temperature and hdge spectral response [2]. Due
to the fact that their operation depend on temperaharge, their response time is slower.
Two of most general thermal detectors are pyroeledétiectors and bolometer detectors:

fw A

|
g

IE raliatiom

X Metal T rimtsi sl

Figure 1.3: Pryoelectric detector and bolometer [2]

Pryoelectric detectors utilize pryoelectric films &swn in Fig. 1.3. Pryoelectric materials
change their electrical polarization arised from mgderature change in the pryoelectric
material, which causes charges to flow and generaterntutetected by the readout circuit.
Bolometers also operate with the temperature changeodif®e ilumination, changing the

electrical resistance of the detector. Working prirecipf bolometers and photoconductive
detectors is similar in terms of resistance change dukRteoadiation. The difference

between them is that, resistance change in bolomstdnectly due to heat change, while

it is photon-latice interaction in photoconductive ematls [2].

On the other hand, photon detectors’ working principle deépem the carrier excitation
due to IR radiation. IR radiation helps electrons aneésto jump between energy levels
leading to photocurrent. There are some concepts suchspensivity and detectivity
related to photodetectors. Responsivity is related toginentum efficiency *” and

photoelectric gain “g”. Quantum efficiency is definedtlas number of electron-hole pairs

4



per incedent photon, while photoelectric gain is defm&darriers passing contacts per one
generated pair, which means photoelectric gain is a meakhoav well electron-hole pairs

converted to current [4].

Optical area

I Heterojunction contacts
P
== Il.,"
|llll
f Metallization

[

Electrical area

S

Absorber |

Substrate

Reflector

Figure 1.4: Model of photodetector [4]

Responsivity and detectivity is given in [4] as the fwllog:

/2

. 1
A A A - .

R, =g D* = —‘(—”) N[2AG + Ry '*
he hel\ A, (1.1)
where “” is wavelength, “h” is Planck’s constant, “c” is veiycof light, “q” is electron

charge, G and R generation and recombination rates tkieithickness of the detectog A

is optical area and As the electrical area as shown in Fig. 1.4.

The most common photodetectors are phovoltaic (P\&ctlats and photoconductive (PC)
detectors. In PV detectors, IR radiation that has gngrgater than band gap of the
junction leading to electron-hole pairs, hence photectrrOn the other hand, in PC

detectors, increase in conductance of photoconductiverialainder constant electric field



is generated by free carriers due to photon energy. ldtpant material is intrinsic,
electron-hole pairs are generated, whereas the dopatrissic majority carriers are
excited in PC detectors [2].

i Inirrsi of |
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Figure 1.5: PV and PC detectors [2]

Comparison of thermal detectors and photon detectsi®ian in Table 1.1[4]. According
to [5], the most suitable material for infrared detectis HgCdTe, although it has
disadvantages like process dificulty due to bulk grovitHgCdTe in high vapour pressure
of Hg at 950°C, cost, toxiticity and non-uniformity over large ar€@n the other hand,

HgCdTe material has the following advantages which makavdriable for IR detector:

adjustable band gap between 0.7 um and 25 um, direct banditapigh absorbtion

coefficient, moderate index of refraction, moderaterittal expansion coefficient and
avaliability of more lattice matched materials foitagal growth.
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Table 1.1: Comparison of thermal and photon detectors [4]

7



The IR region is divided into five parts nearly alltbém captured by different alloys of
HgCdTe detectors, which are near infrared region (NIRallsravelength infrared region
(SWIR), middle wavelength infrared region (MWIR), long wskength infrared region
(LWIR) and very long wavelength infrared region (VLWIR)hese infrared regions and
their wavelength intervals are represented in table 1.2.

Region (abbreviation) Wavelength range (nm)
Near infrared (NTR) 0.78-1

Short wavelen gth IR (SWIR) -3

Medium wave length IR (MWIR) 3-6

Long wavelength IR (LWIR) 613

WVery long wavelength IR (VLWIR) 151000

Table 1.2: IR wavelength intervals

Readout integrated circuits (ROICs) are important elésnehlR imaging systems within

the wavelengths mentioned in Table 1.2. They are thdanteblock between the detector
and microcomputer of the imaging system,which determi@éntportant parameters of the
overall system. The general architecture of ROIC®®asented in Fig. 1.6. Detector is
connected to the unit cell of the ROIC through indium psinThere are several types of
unit cells, each of which has trade-offs. Unit cell e @f the most important building

block of ROICs, because it determines the noise perfuwwejadynamic range, linearity,

injection efficiency, power consumption, and area ef ROIC. Unit cell is connected to a
transimpedance amplifier in general, in order to transfercharge it absorbed from the
detector to the video amplifier or output buffer. Thistpgcalled the signal processing part
of the ROIC. Finally, the output of video amplifier artput buffer is sampled by a off-chip

or on-chip analog-to-digital converter (ADC).

One of the most important parameters of ROICs isitpeal-to-noise ratio (SNR). Unit cell

and amplifier noise performances are the key parameieraprove the SNR, although

ROICs have considirable lower noise than the detetdelf. Best noise performance for
8



improved SNR, wider dynamic range, less power consumgtigher linearity, small area,
higher injection efficiency are desired for the bpstformance of ROICs, although it is
most likely impossible to have all of them in onel.eféfore, the designer should choose

the best unit cell for the desired application.

Readout
Row Scanner Array Elements
(Shift Reglster)

Bias/Clock
Circultry

Column Scanner
(Shift Register)

_______________________________ Optional Mulﬂplexer
ind] ¢"Unit Cell Preamplifier. rarhsr;m e Im
nalum_  : (& Signal chmlng} | P Video Amplifier

Bumps\
T~ I N
el : E} 7 e
Detector . : ' Qutput Output
S lexer _IﬂJ:LIELr'_ Video ?lmp Pad

Figure 1.6: General ROIC architecture [7]

1.2 Motivation

IRFPAs are important and high-tech devices, which are insedny applications, such as
medical imaging, missile guidance, and surveillance syst®OIC is the interface element
between the detector and microcomputer of the IRFPfesysand determines important
performance parameters of the overall system. Therefors important to design and
implement this type of strategic devices in order to bhgdechnologic capability. As it is
mentioned in the previous section, two types of IRFP®Raten general: Staring Array
Systems and Scanning Array Systems. Although the framearatespatial resolution of

staring array systems exhibit better performance;cditfy of integrating large size of
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detector arrays, non-uniformity problem over large areast of production are
disadvantages of staring array systems. It is eas\clagap to implement scanning array
systems due to their relative smaller size.

In this thesis, a CMOS ROIC is designed and implengefte scanning type of 72x4 P-
on-N HgCdTe detector array in 0.35 um, 4 metal 2 poly AMS GM#ocess. Current
Mirror Integration (CMI) is used as the unit cell bEtROIC. For the signal processing,
Time Delay Integration (TDI) over 4 elements with grical supersampling rate of three is
used for improved Signal-to-Noise Ration (SNR). Thegiexi and implemented ROIC
has the properties of bidirectional scanning, variablegiat®n time, adjustable gain
settings, bypass functionality, and pixel selectionfl@éesien functionality. The
organization of thesis is given in section 1.3.

1.30rganization of Thesis

In Chapter 2, building blocks of ROICs are explainedietail with their advantages and
disadvantages. First, unit cell as the input building blddR@IC is discussed, and several
unit cell architectures are examined and compared in terhmezrity, dynamic range,
injection efficiency, power consumption, area, ands@operformance. Then, signal
processing part of the ROICs is discussed, and time detagration (TDI) algorithm,

which is used in scanning array systems, are explainedait. de

In Chapter 3, implementation of ROIC for 72x4 P-on-N detearray is discussed. First,
requirements of ROIC are given, and architecture of R®I€xplained. Then, design and
implementation of the building blocks, some of whichdiscussed in Chapter 2, are
explained. These building blocks are CMI unit cell, and Ffalge over 4 element with
supersampling rate of 3. Following the TDI implementatiantomatic gain adjustment
stage, which is used to compansate the effect of deatspand offset cancellation stage,
which is used to subtract the erroneous voltage due &sipareffects and switching errors,
are explained. Then, output buffer stage implementasogiven. Finally, design and
implementation of digital control block, serial/paelinterface, and channel and address

decoder are discussed.

10



In Chapter 4, simulation and measurement results are.gi®ienulations are done with
minimum current, 25 nA average current, and maximum cur@mulation data is taken
from integration capacitor, TDI output, offset cand@ia stage, and finally output buffer
stage of a 72x4 P-on-N part, which represents the wholgrdddieasurement results are
taken from the fabricated ROIC for 4x4 P-on-N detectmaya as a building block of 72x4
design. Some comments about simulation and measuremsuts are also provided

considering the problems faced during the design and imptatimnprocess.

Finally, in Chapter 5, conclusion of this work is givand future work is discussed.
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2 ROIC BUILDING BLOCKS

2.1 Introduction

Readout integrated circuits (ROICs) are the importateht of detector systems. They
get the photocurrent from the detector by the help of aceatiit Then, they process and
reduce the noise level of the signal by the help adm@asprocessing algorithm, and finally
sent the signal to the microprocessor by the help &2C.

Unit cells are important, because they determine mosthef ROIC performance
parameters, such as injection efficiency, linearitys@aontribution, dynamic range. There
are several unit cell architectures, which are discuisssdction 2.2 with their advantages
and disadvantages.

Signal processing unit determines the noise performant® &@OIC. There are three main
signal processing algorithms such as sample and holdJatedaouble sampling (CDS),
and time delay integration (TDI) to improve the SNR gperfance of the ROIC. Signal
processing techniques are discussed in section 2.3.

Most of the ROICs also have additional functionaligash as variable integration time [5],
adjustable gain settings [17], bidirectional scanning anplasg mode.

By the use of variable integration time property, input phatoluced current coming from
the detector, can be integrated for varying amount of,taweording to applications. If
current integration time amount is not enough for arcimage, integration time can be
increased, or for high flux irradiances it can be deewka&djustable gain setting is similar
to the variable integration time, they are correlaked. high flux applications, the capacitor
value can be increased to store more current.

By using the by-pass (test) mode, dead pixels can be detdrnand ROIC can be
programmed according to these data. The determined roadfoimg pixels are
programmed, and these pixels are not selected during R@etmn by the help of the
pixel selection/deselection property.

Bidirectionality property allows to change the scarction of the ROIC, which provides
flexibility to the user.

At this part of the thesis, ROIC building blocks and tlfe@tures are explained in detail.

12



2.2 Unit Cells (Preamplifiers)

2.2.1Self Integrating Input Cell

Self integrating unit cell (SlI) is the most basic umtl that consists of a single MOSFET

transistor as a switch. Photon induced charge due taradfrillumination integrates onto

the stray capacitance in the unit cell which is mainly tdugetector capacitance. The stray
capacitance also includes the MOSFET capacitance ardaninect capacitance connected
to the detector as shown in Fig. 2.1. If it is desirednyease the storage capacity,
additional capacitance can be included in the unit cell.

Enable Common
Switch ™\ Bus
"'?ﬁ Cdet —+—1 ———1,
o Ip 3 (J T — 2 i
AT == sk —_— k To Video
/47 I Driver
L pfeme >
Detector Unit Cell (SI) ; Detector : Transimpedance
l o Reset : Amplitier
v : ... Signal Saturates
Multiplexer— _.-—w_ i Detector

Vin Enabled

Reset Forward Biases

v~

t

Figure 2.1: Schematic of Sl unit cell and v-t graph showhegcapacitance voltage with
respect to time [7]

After the charge is integrated during the whole framegdtcharge in the stray capacitance
is transferred to the transimpedance amplifier whichltv input impedance and gain of Z
as shown in Fig. 2.1[7]. After the charge transfer theasimpedance amplifier is resetted
by the detector reset and the unit cell is ready fomthé frame integration. The transfer
function of the Sl unit cell during the integration titpeis given as the following in [7]:
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Vowr = Z ;5 L, (D)dt + 20, [V] (2.1)

where Qis the initial charge on the input node and Z is thegghém-voltage gain.

The SI unit cell is the simplist unit cell with only@device, hence has the minumum area
when compared with other unit cells. On the other harfths no gain in the unit cell and
detector bias changes during the integration causing nadsaainearity. As the photon
induced charge is integrated over the capacitance, it farmasp like voltage as in Fig.
2.1. If the integration period is long enough, the detectors into forward-bias condition,
which causes to nonlinearity due to forward-bias detemmolr additional shot noise. The
voltage ramp will follow the (I-V) characteristics tife detector, hence the voltage in the
input node will follow the the characteristics of thed®. The |-V characteristics of the
diode is highly nonlinear due to the change in the diode fiewarse-biased condition to
forward-biased condition.[7] The dynamic range of theuSit cell also depends on the
voltage of the input node which is not desirable. Sl unitstefers from the KTC noise like
all other switched capacitor applications, together thigrmal noise and photon noise.

2.2.2Source Follower per Detector Input Cell

Source follower per detector unit (SFD) is very simi@S| unit cell, except the additional
MOSFETs for voltage mode output and reset operatiois. ddvantageous for small unit
cell requirements like Sl unit cell.
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-
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Plane Load

Vdet (Common) v

Figure 2.2: Schematic of SFD unit cell [7]

Photon induced current is integrated onto the capacifanced by the gate of the source
follower MOSFET, interconnect and detector capacitaaxen Fig. 2.2. The ramp input
voltage of the SFD is buffered by the source followdrere it is different from Sl unit cell
[7]. Since the SFD unit cell has voltage mode output dusotwce follower, there is no
need for bus amplifier. After the integration is coetpt at the end of the frame, the input
node is reset by the reset MOSFET and SFD unit cell bexomady for the next
integration cycle. The dynamic range of SFD unit cellalso limited by the I-V
characteristics of the detector like the Sl unit cé]l The dark and photon current:lis
stored on the stray capacitance C during the integrétize {,; and results in a voltage at

the input node:

Vin — Iﬁ'Et ténr [V]
C (2.2)
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If the input node voltage exceeds the voltage limit, theater will become forward-biased
leading to nonlinearity and shot noise like the Sl unlit éelditional capacitance option is
also available for SFD unit cell according to the appbice SFD is suitable for low
background application, where long integration time is iptessvithout violating linearity
concern. SFD unit cell also suffers from kTC noisenadi as 1/f noise and MOSFET
thermal noise.

2.2.3 Capacitor Feedback Transimpedance Amplifier Unit Cell

Capacitor feedback transimpedance amplifier (CTIA) gelt is compatible with various

detectors and has a good performance in terms of detge®rstability, high injection
efficiency, high gain and low noise [7].

A
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To CDS Circuitry
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l 7 T T T T 1
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Figure 2.3: Schematic of CTIA unit cell [7]

The photon induces charge causes a slight change anving input of differential

amplifier, which has a high open loop gain. The amplifgsponds this slight input change
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with a sharp output voltage reduction, which causes chargewoonto the feedback
capacitor as an opposition to the initial effects ofrgbs. Detector current is integrated
onto the feedback capacitor by this mechanism during theefrevhich causes a decreasing
ramp at the output of the amplifier. At the end of ititegration time, the voltage output is
sampled and multiplexed to the output, then the amplidieeset for the next frame and
integration period. Correlated double sampling (CDS) signatessing technique is used
with CTIA unit cell architecture in general.

I
Vour 'J:; = [V]
7o (2.3)

The CTIA gain can be expressed like in equation 2.3, whgris e feedback capacitor,
while CTIA transimpedance; 4 defined as in equation 2.4 [7].

I'{:v:.':' t:’n:‘ V
=, T, A
o re 2.4)

The main noise contributor of CTIA unit cell architeeus the input transistors of the
differential amplifier, while other noise sources dam negligible with the use of some
techniques mentioned in [7].

2.2.4 Direct Injection Unit Cell

Direct injection (DI) unit cell is the second smallesiit cell that is used in medium and
high photon irradiance applications. In low irradi@reonditions, small amount of current
is not enough for high,g which is required for low impedance and stable biased tdetec
Low impedance drops the injection efficiency of the detgavhich results in lower signal-
to-noise (SNR) ratio also.

The photon induced current is injected through the soafrtke MOSFET and integrated
onto the integration capacitor, which is in reset pasibefore as shown in Fig. 2.4. After
the charge integration is completed throughout the framegration capacitor is reset, and

the circuit is ready for the next frame. Gain oé tBI unit cell is determined by the
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integration capacitor, which is not dependent on strapatance. A source follower can

be used for voltage mode output.

Inverting Gain Reduces

Some Phot
Gharg:i: : i =Av MOSFET Input Impedance
Not Integrated ’ To MUX
: >

Detector Current Charges Int. Cap.

Integrated Vresat |V
Photon Charge

R e

oS T P R Y

Figure 2.4: Schematic of DI and BDI unit cells [7]

In order to reduce the detector noise, stable near-zdtage should be supplied to the
detector, especially for LWIR detectors, because theae tsgnificant dark current in
reverse bias condition [7]. In DI unit cell detectorsbia not given directly to the input
node, instead, threshold voltage of the MOSFET is addedhaogate voltage of the
MOSFET. Due to the 10-50 mV MOSFET threshold voltage viariat an appropriate
detector common voltage should be given to prevent higegrctor noise near forward
bias condition. This comes with a disadvantage of &tege reverse bias for some
detectors, which leads to more 1/f noise and more deteatk current [7].

The input cell also should provide low input impedance todgtector for stable detector
bias and high injection efficiency. If the input impedantéhe unit cell is high, some part
of the photon current can be injected into the sourdd@SFET and lost, resulting in a

loss of SNR. The injection efficiency is defined as fhdowing where, }; is the

18



integration current,ph is the photon currents is the detector resistance and ig the
transconductance of the MOSFET:

L]

e TaeeOm A
Injection ef ficiency = — — Taeem [E]

I;Jh 1+ Yaardm (25)

The transconductance gm of the MOSFET in weak inver&obthreshold) region depends
on the current, where DI unit cell mostly operates THe relationship between the drain
current of the MOSFET and gate-to-source voltage in seddtbld region is given as the
following for n-channel MOSFET, where ;Kincludes geometry and operational
characteristics of MOSFET in [7]:

W ( mkT

o = — o Kyexp [V, — ) [4]
L °oa ) (2.6)

The transconductance, the derivative of the drain current with respect to gaiseiurce

voltage:
_ Gl I[;q9

= = h
av,, mkr "]

g?."‘.
2.7)

As it is seen from the equation 2.7, ig independent of device geometry, direct function of
drain currentd. Because of this reason, DI unit cell is suitablehigh flux applications, in

low flux applications, due to low gm value, injectioni@éncy is low.

Low gm value also affects the bandwidth of the deteceurses frame to frame crosstalk. If
gm is the dominant impedance on the detector node, fregudrthe detector is given as
the following in [7] where gis the MOSFET gate-to-source capacitance:

g;‘."‘.

f(—3dB)= [FHz]

E[Cdet T Cgs) (2.8)

19



Due to the fact that,gis proportional to drain current of the MOSFET, uiit cell is not
suitable for high speed and low flux applications, becauttelow flux g, value is smaller,
results in less bandwidth according to equation 2.8.

The noise contributors for DI unit cell are same, M@%hoise, kTC thermal noise and 1/f
noise. One difference of DI unit cell is that, thput MOSFET noise of the DI unit cell
results in the output current as a function of dete@sistance. If the detector resistance is
dominant resistance meaning high injection efficiency, MEB noise becomes negligible

with respect to the detector noise [7].

2.2.5 Buffered Direct Injection Unit Cell

Buffered direct injection (BDI) unit cell is very sirail to DI unit cell, except the inverting
amplifier between the gate of the injection MOSFE@ detector as shown in Fig. 2.4. The
inverting amplifier reduces the the input impedance of therit cell and increases the
injection efficiency and bandwidth as a plus to DI ueil by introducing the feed-forward

mechanism [7]. The injection efficiency becomes:

I:’rz:‘ Vet Om l:i L A‘E‘:I A
Injection ef ficiency = — = = [~
IP?E 1+ Tda:‘g:.ﬂ_(j‘ T A'l;‘j A

(2.9)

BDI unit cell also suffers from low flux limitationdzause of the MOSFET's low,@lue to
low drain current. The cut-off frequency of the DI unitl ¢g also improved due to the
inverting amplifier between the detector and gate of tfextion MOSFET. The & gate-
to-source capacitance of the MOSFET in equation 2.8 eareplaced by the newyC

value:

Cgs' = Cgs(1+ Av) (210
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The dominant noise contributor of the BDI unit cellhe MOSFET preamplifier noise of
the inverting amplifier. The noise contribution of tihgection MOSFET is negligible and
reduced on the order of,AOther noise contributors for BDI unit cell are samithe DI
unit cell.

2.2.6 Resistor Gate Modulation Unit Cell

The resistor load gate modulation (RL) unit cell utilg@ton current to change the gate
voltage, which results in an output current in the MOSFHIe detector bias of RL unit
cell is a function of detector current, load resistat sesistor bias voltage [7] as shown in
equation 2.11:

Vio = (Ln + Liarsc )Ry + Vi [V] (2.11)

Vs Vss
[

ifint

5 W Cint)v [‘U’reset

|

To MUX

Fig@&: Schematic of RL unit cell [7]

The RL unit cell is suitable for high background flux apgtilcns, due to the fact that it can
be adjusted in such a way that, in an environment of lbatkground, detector and load
biases can be adjusted for negligible drain current,ehemegration of charge. By the help
of detector and load bias adjustability, it can be usedliffgrent background high flux
applications. As the signal is applied, the MOSFET dcaiment increases exponentially
and rejects some level of background flux [7].
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2.2.7 Current Mirror Gate Modulation Unit Cell

The difference of current mirror gate modulation (CM)tweil from the RL unit cell is the
MOSFET used in CM unit cell instead of the resistor usddL unit cell as shown in Fig.
2.6.

Matched
MOSFETs
w2l
lph [Vin || ToMUX
Y lint
or Cint |V Vreset

Figure 2.6: Schematic of CM unit cell [7]

The photon induced current flowing through the first trstosicreates a common gate-to-
source voltage change in the second transistor, hemse earrent flows through the
second transistor, if Mand \4s bias voltages are same, known as the current mirroFimg.
integration currenty is a linear function of the detector curregt Which is different from
RL unit cell. In CM unit cell architecture, it also pddsi to scale up and down the
integration current by changing the geometries of the FEJStransistors as a property of
current mirroring circuits as shown in equation 2.12:

I I [ZKLZ
T = e —
i ““ W, /L,

[A]
(2.12)
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The CM unit cell is used generally in very high backgrouns &dpplications, where there
is not enough space to accumulate detector current. lnabeés by scaling down the width
of the second transistor, determined fraction of thectletecurrent is integrated. The
current gain can also be changed by changing the bias \wbatjee MOSFET transistors,
which leads to nonlinear operation like in RL unit cell:

I..= derMexp[L"s — Vss) [4]

‘ Wi/Ly (2.13)
Non-uniformity from detector to detector can be large in GM cell structure due to
threshold variation between current mirroring MOSFRAirs and injection efficiency
variation because of detector resistance changes ié].adivantage of CM unit cell over
RL unit cell is the greater linearity and absence af kesistor.

2.2.8 Current Mirror Direct Injection Unit Cell

Current Mirror Direct Injection (CMDI) unit cell is proged for detector bias stability and
higher injection efficiency as an alternative to DHeBDI unit cells. Almost zero detector
bias can be observed and almost 100% injection efficiencye\ashiwith the CMDI
architecture with the drawback of in-pixel capacitance.
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Figure 2.7: Schematic of CMDI unit cell

If same drain currents flow through two transistors tisate the same sizes, it means their
gate-to-source voltagesyyis same. Two n-type MOSFETs\Mand M, utilize this
current mirroring mechanism, which means source voltagd @QSFET MN1 should be
zero, because their gates are connected togethgraih My2). To have the same current
flow through MOSFETs My and My, p-type MOSFETs My and M-, are connected as
current mirror too. So, by using current mirroring bothdetector side and power supply
side, detector bias is equalized to zero, as well as aamant of current flow through both
sides is same.

The photon induced currenk flows through Mi; and M3, same current flows through the
M2 and Mp; also. Since, the drain currents of botR:Mnd M, are same, and their gates
are connected together, detector bias is fixed to zero.

However, one of the important problems of high densR§; is the uniformity issue, the
threshold voltage variations of the MOSFETS, which a$féloe detector bias. The detector
bias with respect to threshold voltage changes of N-aypkP-type MOSFETS is given in
equation 2.14[9]:

Viar = AVoy — AV, (2.14)
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This equation means that detector bias voltage is detetntigethe threshold voltage
mismatches of N-type and P-type MOSFETSs. It is alatedtin [9] that, using CMDI unit

cell as an alternative to DI unit cell, reduces thectftd threshold mismatches to detector
bias on the order of three.

The injection efficiency of the CMDI unit cell is alsmproved with respect to DI unit cell.
It is given in equation 2.15:

7 — Ry _ Gmn1Bp
cHot Ry + Ry GpwiBp + (1 - Tgmj

wherg, is defined as ¥y, = :—""“ j—”“'—
mFPas HmiNz

(2.15)

As it is seen from the equation 2.15, with careful desig 4mis approximately 1, 100%
injection efficiency can be achieved regardless oéaet resistance R The same result
can be achieved by BDI unit cell with an amplifier ofrgdi00, but amplifier noise and
difficulty of designing a small area amplifier make Biit cell unfeasible. Comparison of
DI, BDI and CMDI unit cells with respect to injectiorfielency, power consumption and
detector bias variation is given in Table 2.1.

Although it advantageous in terms of detector bias stakitid injection efficiency, CMDI
unit cell has noise disadvantage due to current mirtbtsas also in pixel capacitance
which occupies greater area than DI, Sl like unit cells.

- | DI BDI TMDI ]
{when rﬁf‘:ﬂu— zﬂlm! 1.17nA B92nA 10.15nA
Injﬁi{}::ﬂ::;mw 11.7% §9.2% 101.5%

consumpion |~ V50" | it pover| 24201

e Yo | M| Y

| | over FPA | over FPA over FPA
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Table 2.1: Comparison of DI, BDI, and CMDI unit cells [9]



2.2.9 Current Mirroring Integration Unit Cell

The main difference of current mirroring integrati@Ml) unit cell from CMDI unit cell is
the integration capacitor in CMDI unit cell. CMI unikelt provides same or better
performance than CMDI unit cell in terms of injectiorfieéncy, almost rail-to-rail
dynamic range and input impedance without using in-pixel &epdir capacitor.

The working principle of the CMI unit cell is very si@ilto CMDI unit cell. The photon
induced current flows through the N-type MOSFET MN1 andirsomed to MN2 as using
the high-swing cascade current mirror formed with P-tfji@gSFETs MP1-MP4 as shown
in Fig. 2.8 [10]. Similar to the CMDI unit cell architectudue to the fact that gates of
MN1 and MN2 are connected together, source of MN1 isetbito zero detector bias,
because they should have equal gate-to-source voltagéheigfame drain currents.
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Figure 2.8: Schematic of CMI unit cell [10]
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The input impedance of the CMI unit cell is same with itiput impedance of CMDI unit
cell and it is very low, which results in a high irnjea efficiency. The induced detector
current is taken by the help of high injection efficignand transferred to an off-pixel
integration capacitor with transistors MP5 and MP@s possible to transfer the detector
current with a gain by changing the geometries of theonmg transistors. The column
select transistor transfers the capacitor voltagén¢ostgnal processing unit of the ROIC.
After the read operation, integration capacit@y (S reset and ready for the next frame
operation.

The noise performance of the CMI unit cell is samehwiite CMDI unit cell except the
effect of current mirroring. The total equivalent no&dI unit cell at the input transistor is
large due to current mirrors [10].

2.2.10Comparison of ROIC Unit Cells
Unit cells are initial building blocks of ROIC architeatarwhich are directly connected to

the detectors generally by indium bumps, and trandfierphoton induced current created
by the detector to the signal processing unit of the R@WIG the help of multiplexers.

There are different types of unit cells for various leapions, depending on level of
irradiance, injection efficiency, power consumptiongar dynamic range and noise

performance.

A high performance unit cell should provide a stable and sthrero detector bias to
reduce the dark current and detector noise. It shouldhalg® a low input impedance for
higher injection efficiency to efficiently transferetiphoton induced current produced by
the detector to the integration capacitor, to increaskeahdwidth and to decrease the input
referred noise level [10]. It should have a large dynaamge to store more charge on the
integration capacitor. In addition to these needs,hdukl also have a lower power
consumption and smaller area with the help of an oc#lmapacitor.

There are several unit cell architectures described tiertecome with trade-offs. Thus, for
different type of applications, different type of ucdll architectures can fit on the needs.

The SI, SFD and DI unit cells are simple and occupslisarea, but do not satisfy some
needs of higher performance needed systems. Sl unisdék isimplest one which has a
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charge mode output. A source follower is added to the Skahito provide voltage mode
output. The main problem of SI and SFD unit cells isaha&nging detector bias causing
non-linearity, and there is no gain provided by the Sl &fd @it cells.

The CTIA unit cell solves the detector bias stabilitgd gain problem of SI and SFD unit
cells with the addition of a high-gain inverting differahamplifier into the feedback loop.
The photon induced charges are stored on the feedback toapakcithe differential
amplifier. However, CTIA unit cell occupies signifidggnlarge area, because it is difficult
to design a high-gain, low noise differential amplifriath a small area.

The DI unit cell is basic, have a good noise performar also have a high gain, which
can be determined by the integration capacitor. The maiblggn of DI unit cell is the
injection efficiency. At low detector current levels,ehibits very high input impedance
resulting in unstable detector bias. Due to that injacedficiency problem, its use is
limited to medium and high photon flux applications.

In the BDI unit cell, an inverting amplifier is added beem the detector and MOSFET
gate of DI unit cell, which results in lower input impedan@éth the addition of the
amplifier and lower input impedance, BDI unit cell canused for lower photon flux
applications. Both DI and BDI unit cells provide charge madputs.

For very high irradiance levels, it is not feasildestore the charge in the unit cell. For this
reason, photon induced current should be scaled dowrelieftse stored on the integration
capacitor. CM unit cell is used for this purpose, as vsetha RL unit cell. In RL unit cell,
instead of MOSFET a resistive load is used. Both CM alhdiftt cells suffer from the
frequency response and detector bias stability problems.

The CMDI unit cell solves the problems of injection@éncy and detector bias stability of
the CM and RL unit cells. However, it includes an irgbicapacitor and has low dynamic
range. To overcome these problems of CMDI unit cell, QNft cell is proposed. CMI unit

cell have high dynamic range and off-pixel capacitor, intaddto stable detector bias and
high injection efficiency. The problem of CMI unit celltlee worse noise performance due

to current mirrors.
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A summary of unit cell architectures and their propersie@gven in Table 2.2.

Pream Input Detector Bias Stability Size
plifier Impedance
SI Self integrator | Not stable, changes during Small
integration
SFD Not stable, changes during Small, 3 transistors
integration
DI 1/gn Not stable, changes during Small, only 1
integration (10-50mV) transistor
BDI 1/gnx (1+A) Stable, controlled by op-| Large, due to in
amp feedback pixel amplifier and
integration capacitof
CTIA | Amplifier input | Stable, controlled by op-| Large, due to in
impedance amp feedback pixel amplifier and
integration capacitof
RL Load resistor Not stable, depends onLarge due to in pixe]|
photocurrent resistor and
capacitor
CM 1/gm Stable, controlled by Large due in pixel
current mirrors capacitor
CMDI 1- / Qi Stable (1-2.5mV) Large due to in pixel
integration capacitof
and four transistors
CMI 1- / gni Stable (1-2.5mV) Small,9 transistors
but off-pixel
integration capacitof

Table 2.2: Comparison of unit cells
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2.3Time Delay Integration (TDI)

There are different types of sighal processing techniqueR®ICs, such as sample and
hold, correlated double sampling (CDS), and time delagiat®n (TDI).

The sample and hold technique provides simultaneous integrato employing a
sample/hold capacitor outside the unit cell. Previousidralata is sampled by the sample
switch and hold on the sample/hold capacitor, allowingukaneous integration for the

current frame [7].

Correlated double sampling (CDS) technique is used to elienthatoffset problems of op-
amps for better dynamic range and to eliminate theflequency flicker noise of op-amps
[13]. The CDS operation stores the amplifier noisene phase, and stores a new sample
of amplifier noise in the subsequent phase. Then, iractstthe one from another, which
results in DC zero in frequency domain, virtually elining flicker noise, however

parasitic capacitance effects prevent this idealizgfidh

Another signal processing technique to improve the signabise ratio (SNR) of the
ROIC is the time delay integration (TDI) method. Tideday integration means getting the
same signal from different pixels with a time del®ye to the fact that actual signal is
correlated while the noise is uncorrelated, signatdseased by factor of n while noise is
increased by factor of square root n, if n detectors are nsbd design [15].

The TDI method is quantitatively explained as folloWwsie first pixel is exposed to
radiation, after t amount of time delay the following pixel is exposedthe same

radiation, and it goes on like that n times, where thés number of pixels that TDI is
implemented on. Therefore, the output voltage is time af all detector pixel contributions
as given in equation 2.16:

Viotar = ZL«;(rl + (i —1)AD)
i=1 (2.16)

where Vi is the voltage of ith pixel output.
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On the other hand, noise is added by power like in equatioh

g

ﬂio:’sa.rom! = Z vio:’ss.:’(rl L (1 - ljﬁf:l
=1 (2.17)

Therefore, SNR improvement becomes:

‘neise.total (218)

For example, if 4 detector pixels are used for TDI,|tetdtage at the output becomes 4V,
where V is one of the outputs. On the other hand, soqpfadal noise voltage becomes 4
times the square of one pixel output voltage. Therefaise voltage will be 2\ise Which

means a/4 = 2 improvement in SNR.

TDI implements the time delay addition by employing numiifestorage elements, and a
summing device. When the image is on the first pixehefdetector array, it is stored on a
storage element, namely a capacitor, to be used inuthenation when the same image
data is ready on all pixels. Therefore, in a TDI orldments implementation without
oversampling, the same image on the first detectorbeilbn the fourth detector 4 frames
later. Due to the fact that, TDI adds all the contriimsgiof 4 detectors for the same image,
first detector should store the value for the first iméwe4 frames. In order to have a
output at each clock cycle, with 4 pixel detectoryarvathout oversampling, first detector
should have 4 storage elements, second detector 3 stozaggntd, third detector 2 storage
elements, and the last detector 1 storage elemenbld@tiediagram of TDI algorithm over
4 pixel array without oversampling is shown in Fig. 2.9.

31



lm lnz los lm
T T T T

T T T

T T

T

Stdi

Figure 2.9: Block diagram of TDI algorithm [16]

For the TDI algorithm to be implemented an optical seams needed, because the same
image has to be on all pixels subsequently for the T@fration. The position of the same
image in subsequent frames is shown in Fig. 2.10. For theohiD4 elements (pixels)
without oversampling, the same image has to be on foweh pfter 4 frames it is on the
first pixel.
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Figure 2.10: Position of image in TDI without supersamp]irtj

As it is shown in Fig. 2.10, for the first image data shered data at frame 1 of first
detector, the stored data at frame 2 of second detélotostored data at frame 3 of third
detector, and the stored data at frame 4 of fourth detebtmuld be summed up. The

formula showing this is given in equation 2.19.

I1 = D1 (image frame i) + D2 (image frame i+1) + D3 (geaframe i+2) + D4 (image
frame i+3) [16] (2.19)

To increase the spatial resolution of the image, supgigay can be used. As its name
implies, supersampling means to take more than one dafdesiiom a pixel. For instance,
if the optical scanner goes from one detector pixel tah@moin three steps, it called
supersampling rate of three. The formula of first imagia TDI over four elements with
an optical supersampling rate of three is given in equti0.

1= D1 (image frame i) + D2 (image frame i+3) + D3 (geaframe i+6) + D4 (image
frame i+9) [16] (2.20)
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The position of the same image on different detectorlpixégh an optical supersampling
rate of three is shown in Fig. 2.11.
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_______

Figure 2.11: Position of image with supersampling ratérefet in TDI [16]

There are two possible methods to implement TDI algori The first method is to store
the data coming from different detectors of the samsge in a single storage element. The
second method is to use multiple storage elements agte adder for the same image,
whose data come from different detectors. Both of thawe advantages and disadvantages
for different applications. The first approach usestiplel adder, hence consumes more
power than the second approach. On the other hand, sepprmheh uses much more
storage element than the first approach, hence occupies anea. The designer should
choose one of them, which fits best to the desiredcapioin.
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The block diagram of the first TDI approach is shown g B.12. Since TDI over four
element with optical supersampling rate of three islemented, 12 storage elements are
needed, 10 to be used for storage of delays, 1 to be usetibbfage to make capable
integration operation during read operation, and 1 to be usedtdérage while reset

operation.
— CSA1 ———
- CSA 2 -
MUX
SEQUENCER 51 (CSAS3 >
: » CsA4 |—>
D1
—> L »| CSAS >
225 DEMULTPLEXER | o[ oene  L—sl 2 |
—> 412 > csA7 |—>
D4
— > ——» CSA8 |—» 1
L !  CSAQ >
- Cs5A 10 ————
2 CS5A 11 ————
L csa12 |—>

Figure 2.12: Implementation of TDI method 1 [16]

At frame i first detector’'s contribution is integratéol CSA 1, at frame i+3 second
detector’s contribution is integrated to CSA 1, at fram@ third detector’s, and at frame
i+9 fourth detector’s. At frame i+10, first image is readd finally at frame i+11 it is reset.
Table 2.3 shows the write, read and reset operationeddirst TDI approach.

Due to the power limitations of first approach, theosekc TDI approach is also used in
ROIC designs. In the second TDI approach, first detdwerll storage elements, second
has 8, third has 5, and finally fourth detector has zage®elements, 26 storage elements in
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total, to store the delayed frames to be used in apptepiiame. Since, the first image

comes to the fourth detector after ten frames; fiefector should store the data of first

image for 10 frames. The block diagram of second TDI agfpr@ashown in Fig. 2.13.

Frome [T Y R oA 54 LR LR 2 Y L2 54 R oA A, CHA
e 1 2 ] 1 5 & T -1 9 11 11 12
i 1¥1
i+l 31
i+ 2 1
i+ 3 12 1
i i K]
i+ 5 | s 131
i+ I3 D2 I
i I 2 Ir
1+ D3 L 1
i+ [BE 3 Iy [
i+ 10 REAL |ED D3 L x1
i+ 11 RE=ET  REALY 1+ (K] Ly (K3l
i+1 ¥ RESET READ e I K]
i+ 13 1 RESET READ D4 I ¥
i+ 14 K RESET EEADD 4 N ¥
v 15 2 ()| RESET  REA [k e
i+ 10 2 [ B3| RESET READ (B 3
i+ 17 Dz o1 RESET READ D4 03
i+ 18 I3 2 ¥ RESET REA I
+ 10 N 2 I RESET READ e
i+ 20 JEX) oz D1 RESET READ (2]
i+ 21 [ N3 nz | EESET EREAD
i+ READ g 3 (B [K] RESET
i+ 23 RESET REAL» JE (K] D2 1
Table 2.3: Write / Read operation sequence of TDI mettad]1

The data of the first image is stored in first detestdirst storage element, but other

detector’s contributions are not ready. Therefore,tler same image to go to the fourth

detector, first detector’s first storage element shou&pkbe data to be summed up with

fourth detector’s contribution. After ten frames, tfirdetector's 1st storage, second

detector’s 4th storage, third detector’s 7th (2nd, becaulses ib storage elements) storage,

and fourth detector’'s 11th (1st, because it has 2 stotegeits) storage should be added

at TDI amplifier to be sent to the output as thetfimage data. Table 2.4 shows the writing

operation sequence to the storage elements, while TabEh@ws the reading operation

sequence of storage elements.
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Figure 2.13: Implementation of TDI method 2 [16]

DETECTOR
DETECTOR W= 1 DETECTOR N° 2 DETECTOR N* 3 NT 4

FRAME 1 2 3 4 & & T & 9 10 11 1 2 3% 4 % & 7 & 1 2 3 4

R R R N
-
o
24
24

14 % B B X

1t x X X x

18 X X x x
1% 4 X S X

A B
4
b
b
=

Table 2.4: Write operation sequence of TDI method 2 [16]

The second TDI method, which is also implemented oa BODIC design, is more
advantageous in terms of linearity and power consumpghtem the first method. Due to the
fact that TDI over four elements with optical superskmgpof three, the second method is
chosen. However, if TDI over seven elements witticap supersampling rate of three is
desired, it is impossible to implement the second otkthecause it requires 77 storage
elements. Therefore, for the future work of 576x7 ROICgiesvhich requires TDI over 7
elements with optical supersampling rate of threefitsiemethod is thought to be used.
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DETECTOR

DETECTOR MY | DETECTOR N” 2 DETECTOR N™ 3 NT 4

FRAME 1 2 3 4 5§ & 7 8 9 oIn 1 1 2 3 4 5 & 7 3 1 2 3 4 5 2

i

4

7

B

2

10

11 X Hy £ £

1 ® X X x

13 x X X X

14 X X H x

15 x X X X

& X ® X x

17 X X X x

18 X x x

1% X X H X

20 X x T x

2 X X X X

2Z X X B x

23 X X x x

24 x x x x

25 x x x x

Table 2.5: Read operation sequence of TDI method 2 [16]
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3 72x4 P-on-N ROIC IMPLEMENTATION

3.1 ROIC Definition and Requirements

In this thesis, a 72x4 P-on-N type readout integrated ic§R®IC) is designed in Austria
Microsystems (AMS) 0.35 um, 4 metal, 2 poly CMOS procesa part of 288x4 P-on-N
ROIC. It is designed for 228x4 FPA array, and P-on-N tymgcMry Cadmium Telluride
(HgCdTe-MCT) detectors which are sensitive to long wave nedraadiation (LWIR)
between 7.7 and 10.3 um. In the complete detector syshenmne are 288 lines, each of
them consisting of 4 detectors. These 288 lines corfsésblocks of 72 lines. In this work,
one of these blocks is designed. Total detector wid883pm while length is 8064 pm.
Each detector pixel's size is 25 um. The separationdsivthe center of the last pixel of
first set and first pixel of second set is 100 um. §eemetry of the detector is shown in
Fig. 3.1.
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Channel 3 D D I:l I:l
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383

Figure 3.1: Geometry of the detector array
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The 72x4 block is one of the four blocks shown in Fig. @Hich means one output from
the ROIC, at the frequency up to 5 MHz. The ROIC im@ets bidirectional TDI scanning
over 4 elements for signal processing with an oversampate of 3. Additional ROIC

requirements and features are listed below.
Input Requirements

Minimum detector input impedance is 1MInput current range is 1.2 — 55nA. Nominal
current value is 12.3 nA at 293 K background.

ROIC Features

Integration period adjustment

Multigain adjustment

Bidirectionality of TDI scanning

Pixel select/deselect option with automatic gain adjesit
Bypass property

Parallel/Serial programmability
Output Requirements

Dynamic range of ROIC output is 2.8 V and the output voltdgeero irradiance should be
1.7 V, so that maximum output voltage is 4.5 V. The outpoulsl be ready within first
100 ns of the frame to be sampled by an off-chip ADC. RQitput should drive a 10 pF
capacitance with a 1 Mshunt resistance.

Noise Requirements
Maximum allowed input referred noise level is 2100 elestron
Power Consumption Requirements

Maximum allowed power consumption of ROIC is 50 mW.
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3.2 ROIC Architecture

The 72x4 P-on-N ROIC consists of 72 channels, which are ectemh to a 72x4
multiplexer. In each cycle, one of the channel outpusent to the output to be received by
an off-chip ADC. General architecture of the 72x4 ROI€hiswn in Fig. 3.2.

CHTE Chip

|

|

Channel 1 I
|

|

Channel 2 ML I

72x1 | AD

Channel 3 :
I |

I |

| |

I

Figure 3.2: ROIC architecture

The detailed architecture of the 72x4 ROIC is given Fig. Bhe interface circuit, digital
control block, channel select decoder and address decod#itugenthe digital part of the
ROIC. Digital part controls the analog part, which cetssiof 72 channels, TDI stage,
offset cancellation, automatic gain adjustment stagkoutput buffer stage.

Each of the 72 channels have its own 26 capacitor setsl g@lect/deselect latches,
bidirectionality switches and latches, and 4 unitscédir 4 detector pixels. The channel
architecture is shown in Fig. 3.4.
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Figure 3.3: ROIC detailed architecture
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Figure 3.4: Architecture of a channel

3.3 ROIC Implementation

The ROIC building blocks are unit cell, input integrate@apacitor stage, TDI stage, offset
cancellation and automatic gain adjustment stage, andutpeit buffer stage. The CMI
unit cell as the unit cell architecture is implementadHeon-N type ROIC. At TDI stage,
the second approach mentioned in section 2.3, singlensygnamplifier with multiple
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storage elements, is implemented. Amplifiers designetisplemented for TDI, offset
cancellation, and output buffer is also explained in¢hapter.

3.3.1 Input Stages

Unit cell and integration capacitor stage constitutartpet stages of ROIC. CMI unit cell
is used as the unit cell architecture of the ROIC.

3.3.1.1Unit Cell Design

Several input cell architectures are discussed in se2tiorAs it is mentioned previously,
there are trade-offs that the designer has to deelettsbased on the application. The
important parameters of unit cells are input impedancehigh injection efficiency,
detector bias stability for reduced dark current and improeéskmperformance, dynamic
range for enhanced charge storage, linearity for betteyesydbackground flux irradiance,
circuit area and power consumption. The designer shahwddse the most appropriate unit
cell architecture in term of the needs of the appbeati

The input impedance specification of the 72x4 P-on-N RG&Guires a low input
impedance unit cell for higher injection efficiency for 1 Metector impedance, which is a
low detector impedance. Another important specificattdnthe P-on-N ROIC is the
linearity. The area of the ROIC should be small, dadpower consumption should be less
than 50 mW. Due to the capacitor sets used for TDI ovégmMents with an oversampling
rate of 3, less area should be allocated to the ufst @¢dso, the chosen unit cell should not
consume much power, because there are power consumpigieasrand buffers at the
other stages of the ROIC. Among the smallest in anddess power consuming unit cells,
due to the excellent detector bias stability and low inpytedance, CMI unit cell is

chosen, in spite of its moderate noise performance.

Several simulation runs are performed for the compan$@MI and DI unit cells in terms
of detector bias stability and input impedance performartoe.comparison of CMI and DI
unit cells in terms of detector bias stability is givei able 3.1.
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Current DI - Detector CMI — Detector
Bias Bias
1nA 112.8mV 477uV
10nA 79.5mV 562UV
30nA 47.8mV 752UV
50nA 32.4mV 867UV
70nA 22mVvV 940pvV
100nA 10.75mV 1004pVv

Table 3.1: Comparison of detector bias voltages of DI ant @i cells

Table 3.1 shows that the detector bias stability of CMi cell is much better than DI unit
cell, which helps to reduce the dark current effect.

It is also observed in the simulations that input impedan&d unit cell changes from 250

k to 2.5 M in the current range of 100 nA to 3 nA, while input impedanc&MF unit

cell changes from 64.3 kto 1.7 k in the same current range. This means that input
impedance performance of CMI unit cell is much bettgradicted in section 2.1.

However, CMI unit cell comes with a trade-off besidesth@dvantages, which is the
moderate noise performance due to the current mirractate. Noise simulation results
show that CMI unit cell's noise is 414 electrons, wiblleunit cell’'s noise is 69 electrons,

which is considerably lower than CMI unit cell’'s noise.
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The P-on-N CMI unit cell is structure shown in Fig. 3W#hich is different than the
structure depicted in section 2.1. Since detector polarity-oh-N detectors is different
than the polarity of the N-on-P detectors, correspandhanges in the conventional N-on-
P structure has to be carried out. In P-on-N detegpa, tN-type doped bulk is exposed to
the infrared radiation, and P-type doped part of the detectmnnected to the ROIC with
the help of indium bump.

One important change in the unit cell structure is t@ut of the unit cell. As it is seen in
Fig. 3.5, output of the P-on-N CMI unit cell is in voltageode, and the integration
capacitor of the conventional CMI structure is outhe&f pixel. The voltage mode output of
the unit cell is transferred to the capacitor sets \@ng path due to the inherent geometry
of the detector. The transferred voltage is converteatdaurrent at the capacitor sets and
stored onto the capacitors properly. The reason oyingrvoltage instead of current is the
parasitic capacitances due to long and close paths. AltHmagto ground parasitic can be
reduced by careful layout such as using higher level metadsyery difficult to eliminate
the line to line parasitic capacitance. Due to the detegtometry, a channel and its
routings should fit into 56 pum in height, which means tehsouting paths will be very
close to each other, resulting in line to line parasitic.

45



vdd

)
-

I )
H— —
I—-—T—I —

Figure 3.5: Schematic of P-on-N CMI unit cell

3.3.1.2Input Capacitors

Input capacitor sets are important building blocks of thd@RMecause capacitor sets
occupy most area of the ROIC. Since, the design isrea lamited, different types of
capacitors are simulated for best performance in smadl. MOS capacitors are commonly
used in similar applications, but its linearity is not gasdhe linearity of poly capacitors.
The maximum integral non-linearity is defined as 1.7 mVR®IC. It is impossible to
achieve that result within the dynamic range of ROIC, @i85 um AMS CMOS process.
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Another option to reduce the size of the capacitorsgst is to use MIM capacitor in
parallel with poly capacitor, hence to increase tra g storage capacity in the same area.
However, 0.35 um AMS CMOS process does not support thef idvocapacitors. Thus,

to be safe on the linearity specification, poly caaag decided to be used.

The capacitor values and gain ratios are given in Table 3.2.

. Equivalent Storage Gain Ratio
Gainstate| capacitance (pF) | Capacitance (pC)
0 0.35 0.98 1.30
1 0.46 1.29 1.00
2 0.70 1.96 0.66
3 0.92 2.58 0.50

Table 3.2: ROIC gain settings and corresponding capaciloes/a

As it is seen from Table 3.2, for different gain settingre should be different equivalent
capacitance value. For this purpose, MOS switches @@ bstween capacitors whose
values are 0.35 pF, 0.11 pF, 0.24 pF and 0.22 pF. The circuit iepiaion of the
capacitor set is shown in Fig. 3.6. For gain setting of 1080; the 350 fF capacitor is
used, while for gain setting of 0.50 all the capacitorsammected in parallel to obtain 920
fF capacitance.

4H_/_

0.11pF

0.z4pF

D,ll:pF

|
0.35pF

lmte gr ation Capacitance s

Chi TDM stage

Vet

Figure 3.6: Architecture of input capacitor stage
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3.3.2 Implementation of TDI stage

Time delay integration (TDI) over 4 elements with awersampling rate of 3 is
implemented with a single amplifier and 26 poly capacitsd as analog memories as
explained in section 2.2. In this implementation, 11 capacitor the first detector, 8
capacitors for the second detector, 5 capacitors fothile detector, and 2 capacitors for
the fourth detector are needed for the oversampling o&t&. To implement the
bidirectional TDI scanning, switching capacitors concepitiiized. For the first TDI scan
direction, detector 1 is connected to the capacitorhe¢tias 11 capacitors; detector 2 is
connected to the capacitor set of 8, detector 3 to dapas®t of 5, and detector 4 to
capacitor set of 2. For the opposite TDI scan diract@apacitor sets should mirror their
detector connection, which means detector 1 is conneztegpacitor set of 2, detector 2 to
capacitor set of 5, detector 3 to capacitor set of 8, iaatlyf detector 4 to capacitor set of
11.

The implementation of the TDI algorithm is realizedotigh the consecutive charge
storage of detectors to the corresponding capacitorAsetach frame, one of the four

detectors is connected to its corresponding capacitoacetrding to TDI direction, as

mentioned earlier. For example, at frame 1, detectborks its charge to the first capacitor
of capacitor block that consists of 11 capacitors, daterto the first capacitor of capacitor
block that consists of 8 capacitors, detector 3 to tls¢ ¢mpacitor of capacitor block that
consists of 5 capacitors, and finally detector 4 tofitilsé capacitor of capacitor block that

consists of 2 capacitors. At frame 2, detector 1 sttsesharge to second capacitor of 11,
detector 2 to second capacitor of 8, detector 3 to semfdncand detector 4 to second of 2.
At next frame, detector 1, 2 and 3 store their chargéitd of 11, 8 and 5 respectively,

while detector 4 stores its charge to the first of 2, Wwimeeans it turns to the beginning,
and it goes on like that. At the required frame, coutidms of four detectors are summed
up at the TDI amplifier and sent to the output buffelbecsampled by the off-chip ADC.

There are four different switches controlling the chamgesfer from detectors to TDI
amplifier: INT, RESET, S1 and S2. RESET and INT switclaee used to transfer the
charge from detector to integration capacitor. REStiflalizes the integration capacitor

48



voltage and INT switch connects the detector node tontlegriation capacitor. After the
charge is transferred to integration capacitor, stafearge is transferred to the TDI
capacitor with the help of TDI amplifier. S1 and S2 shats control the charge transfer of
TDI amplifier. S1 switch is closed when photocurrieatn the detector is transferred to the
integration capacitor, connecting the bottom platdhefcapacitor to the ground. S1 is open
while the stored charge on the integration capacitoassterred to TDI capacitor, forcing
charges to go onto the TDI capacitor. S2 switch is ajiing the charge transfer to
integration capacitor, whereas it is closed during therge transfer to TDI capacitor,
connecting the integration capacitor and negative inpthefTDI amplifier as shown in
Fig. 3.7.

Yoo oD WOO Yoo
DET1 DET2 DET3 CET4
V4 -5“’2_— [IFs —é’z— Ve 'gf Ve —sz_ W —sz—- W '€2' Ve —52— Ve -{2-
Cintl Cintl1 Cint] Cintl Cintl | Cint5 Cintl Cintd
=1 = o i Y Y Y=o Y

52 52 =2 ISZ =2 52 ISZ /ISE

TODI QUT

Figure 3.7: TDI implementation

There is one problem related to the charge transfar iintegration capacitor to TDI stage.
That is the poly capacitors having high parasitic frompibly 1 layer to the substrate. The
desired capacitance between the poly 1 and poly 2 ldgefs86 fF/urf, while the
capacitance between the ploy 1 and substrate is 0.11GrfEAvhich is comparable to the
value of desired capacitance. During the charge transbeesgs, the stored charge on the
integration capacitor is forced to move onto the Tpacdtance, by applying V+ (1.2 V) to
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the capacitor. Therefore, the parasitic capacitantaere to the bottom plate of the
integration capacitor is also charged to 1.2 V, which tesonl undesired voltage at the
output, because the stored charge to the parasitic caja&citaalso transferred to the TDI

capacitor as it is shown in Fig. 3.8.

INT cint
o | | _
Iph | | J_ 52
- TDI oUT
= P Te e
Ve = =

Figure 3.8: Schematic of TDI with parasitic capacitance

As a result of the undesired charge transfer due tpdfasitic capacitance Cp, TDI output

voltage can be expressed as the following:

Ve

nt " int

v.C, C

Cror Cror (3_ 1)

Vrpr = Vi +

Since the term related with the parasitic capacitameendesired, it should be eliminated
for the output to be correct. To eliminate the effe€tthe parasitic capacitance, a

summation circuit is designed, which is described irfdlewing section.

TDI amplifier is the key element in TDI stage, becatisealizes the charge transfer from
the integration capacitor to the TDI capacitor, supplymut to the offset cancellation and
automatic gain adjustment stage. The TDI amplifier Ehdave enough gain in order to
keep the voltage at the inverting input of the amplifiev-at(1.2V). Due to the fact that the
amplifier should supply the stable output voltage in lbas tL00 ns, it should also be fast
enough with an acceptable phase margin, to prevent ringingpeaoutput. Possible
maximum output swing and possible minimum power consumpisoalso desired to
satisfy the specifications of the ROIC. Two stagdeddntial amplifier followed by a
common source stage with resistor compensation is nhaséhe circuit topology of TDI
amplifier. The gain of the amplifier is 66 dB, while pave®nsumption is 1.82 mW. The

50



amplifier has a slew rate greater than 100 V/us. Phaamgin of the amplifier is 61
degrees. The resulting amplifier is shown in Fig. 3.9.
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Figure 3.9: Schematic of TDI amplifier

3.3.3 Offset cancellation and Automatic gain adjustment stage

The offset cancellation stage is designed to subtinacerroneous voltage from the output,
related to parasitic capacitance as explained in the pieesiction, and switching capacitor
problems. There are two important problems related toswigching capacitor circuits,
which are channel charge injection and clock feedthrough.
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The charge injection problem is related to the distrdoutf the charges that exist when the
transistor is on. When the MOSFET transistor istbare should be a channel between the
source and drain of the MOSFET, which consists of chayeen the MOSFET transistor
becomes off, these charges between the source and afrdéme MOSFET should go
somewhere. Some of them go to the drain terminalredsesome of them go to source
terminal. Therefore, the charges those go to the ouytputof the MOSFET switch are
stored onto the capacitance at that node, meaning ameeu® voltage on that capacitor
[12].

In addition to the channel charge injection problem,lcleedthrough problem also causes
erroneous charge storage on the sampling capacitor apanef the MOSFET switch. The

clock that drives the gates of the MOSFET switches esuf the sampling capacitor
through the gate-to-drain or gate-to-source overlap capaesa This is an inevitable

problem of switched capacitor circuits, also existshis design. The INT and RESET

signals controlling the charge transfer to the integratiapacitors, drive the gates of
MOSFET switches, results in clock feedthrough problem.

There are several methods to reduce charge injection problehich are using
complementary switches, differential sampling and usingrdy switch. Dummy switch
approach is implemented in this design to reduce the effecharge injection. In this
approach, charge injected by the main transistor is rainbyehe dummy switch. These
two transistors are fed by out-of-phase signal lewetsch means one of them is on while
the other is off. The channel charge of the main treorsis absorbed by the dummy
transistor, to be used in its own channel creation, iashown in Fig. 3.10.

The clock feedthrough problem and parasitic capacitance éetpely 1 and substrate
layers, are tried to be solved by the offset cancetiedtage. The method used to solve this
problem related to the erroneous voltage due to the ch&wgegs and transfer to the
output, is to recreate the same erroneous voltageothar channel exactly same with the
channels used in 72 channels, and to subtract this evrortifre total voltage. Same control
signals driving the 72 channels are also sent to the dedlicatsnel to create the same
voltage in that channel. The only difference is thatreéhs no input current coming to that
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channel from the unit cell, so that it only createsvibitage due to switching problem and
parasitic capacitance.

CLk

I

N L “out

=

Figure 3.10: Dummy switch used to eliminate charge injectioblem

The offset cancellation stage has the TDI amplifiet a channel crating the offset voltage.
1.7 V is added to the difference between the actuallsagmboffset signal, in order to be in
output range of 1.7 V — 4.5 V, as a requirement of ROIG ®utput voltage of the
amplifier in Fig. 3.11 can calculated as the following:

Vour = Vreor — Vogpeee T 1.7V V] (3.2)
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Figure 3.11: Schematic of offset cancellation stage
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The amplifier used in the offset cancellation stagsinglar to the amplifier used in TDI
stage, a two stage differential stage followed by a comsmuce stage with resistive
compensation. The gain of the amplifier is 60.4 dB, phasmgimis 71 degrees, and power
consumption is 2 mW. The slew rate of the amplifeed®0 V/us with a 1 pF load. The
schematic of the offset cancellation amplifierhewn in Fig. 3.12.
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Figure 3.12: Schematic of offset cancellation amplifier

One important addition to the offset cancellation stagthé automatic gain adjustment
property in the case of a malfunctioning pixel in oneheffour detector pixels. Dead pixels
are determined in detector tests and, the informationauf gexels is programmed through
the serial interface of the ROIC. Each pixel has ldteh to hold the data, whether it
functions properly or not. If a pixel is programmed torbalfunctioning, the gain of the
amplifier is multiplied by 1.33 in order to compensatedbad pixel. However, this dead

pixel property is valid for one pixel out of four pixel§.more than one pixel is dead, the
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gain is also multiplied by 1.33. This is done by changing tdaeg of resistors of the
amplifier, by switching additional two transistors aswshon Fig. 3.13.
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Figure 3.13: Schematic of automatic gain adjustment

If there is no dead pixel, G1.33_bar switch is on, andréiséstor ratio is same of the
original design. However, if one or more of the pixate dead, G1.33_bar switch is off,
and resistor ratios become 4/3 (1.33) to compensate thepdeddand the new output
voltage of the amplifier becomes:

Vaur = (_VTDI - Voffsar]1'33+ 1.7V [V] (33)

The G1.33_bar switch input is created by a simple four infANIN gate and an inverter.
The latches of all detector pixels are programmed throhglserial interface. All of the
four latch data are connected to the NAND gate. éast one of the pixels is dead, NAND
gate output becomes logic 1, which is G.133 signal level.

The resistors used in the amplifier design are chosé&s0ds , however if more power
consumption is allowed, smaller resistors can be uEkedte is a trade-off between the
noise performance and power consumption. If resist@daager, they have worse noise

performance, if they are smaller, there is more pawsasumption.
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3.3.4 Output Buffer Stage

The output buffer is designed for 10 pF load capacitancd and shunt resistance as the
output requirement of ROIC. 1 mV settling error is akalwithin 100 ns rise time. High
slew rate with a good phase margin is also desiredrdduared output waveform is given
in Fig 3.14.

Similar to the TDI amplifier and offset cancellatiand automatic gain adjustment
amplifier, a two stage differential amplifier folloevdoy a common source amplifier is used
as the circuit topology of output buffer. Its output@nected to the negative input of the

amplifier.
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Figure 3.14: Output waveform of ROIC

The designed amplifier has 68.7 dB gain with a phase maifg4b adegrees. Power
consumption is 5.9 mW, whereas the slew rate is 65 VIe. designed amplifier
schematic is given in Fig. 3.15.
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Figure 3.15: Schematic of output buffer amplifier

3.3.5 Digital Circuit Design

Digital part of the readout integrated circuit (ROIChsists of a main digital block, a
parallel/serial interface, a level shifter, an addrdesoder, a channel select decoder,
decoders for S1, S2, INT, RESET signals and flip-flops éxgmt glitches. The top view of
digital circuit is shown in Fig. 3.16.

Task of the main digital block is to produce the S1, S2,ERE&nd INT signals for the

analog circuitry. According to the timing of these sigreahd integration time together with
the gain setting, analog circuitry writes on the capadiocks and reads from them thanks
to the TDI algorithm. S1 ve S2 switches are used for mgadom the capacitor blocks and

writing to capacitor blocks, while RESET switch is useddset the capacitor blocks. The
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INT switch is used to charge the capacitor blocks. ameof this signal, determined by

integration time set by the user, affects how much tGapacitor blocks are charged by the

detectors.
ooz 51,52
RESET, 1
51,52, INT(4.2 RESET,
RESET, bits) INT
INT —_—
_
— _—
channel
—_
—© %h:_'::el channel
Clk, (8 bits)
Reset]
int
—
L TOI mode, .
Bypass mode, Address address
— Gain settings, (8 bits)
Address,
Data
SERIALDbar, N
SERDATbar

TDI mode, Bypass mode,
Gain settings, Data

Figure 3.16: Digital architecture of ROIC

There are two interfaces possible for the operatiothefROIC: parallel interface and
digital interface. The main digital block is driven byeowf these interfaces. User
determines the type of interface with the SERIALbanaig

Parallel interface is used for the basic operatioRO@FC which is to use the ROIC just with
the TDI direction and gain settings. BYPASS mode is algpported by the parallel

interface to test the circuit.

On the other hand, serial interface adds the functiyr@fipixel deselection to the parallel
interface. To determine which pixel is selected or noingerface to set the pixel data and

addresses, is added to the circuit.

Level shifter converts the signal levels of main digiienck and parallel/serial interface
from 3.3 Vto 5V, due to the fact that analog part ofdésign operates at 0-5 V range.
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Since the level shifter consumes much of the poweigitiadi circuit, in order to minimize
the power consumption, decoders are put out of the simdekpart, although it is much
easier to implement decoder with Verilog HDL language argymthesize it.

Channel select decoder is used to select the appropriateethatne connected to the TDI
stage, hence to the output. Address decoder is used taaprdlge pixel select/deselect
latches, to give the proper addressing. According to itted @address, data is written to the
latches of that pixel through the serial interfacealy, flip-flops are put to prevent the
glitches, because glitches might appear at the outpudsamders, which is unacceptable
for the analog part of ROIC.

3.3.5.1Main Digital Circuit

The main digital block can be driven both by the parafiidriace or serial interface. That
is to say, this block controls the analog circuitrythg commands of parallel interface or
serial interface. This choice is done by the user. If want to use the functionality of
pixel deselection, then serial interface is mandatibqyixel deselection functionality is not
needed, parallel interface will be the choice.

The block diagram of the main digital block is given ig.R3.17. There are four detectors,
hence four different detector datapaths. They are \emilas. The only difference between
the detector datapaths is the number of bits. Since #nerdifferent number of capacitors
for each detector, signals going to these detectorsditigeent number of bits.

Read start module takes its input from the frame countdul@@nd sends its out signal to
the detector datapath module. After frame counter 11 blskich is used for detector 1,
counts to 11, read start signal is activated and the dhtsiaats reading the capacitor set.

Frame counter module as its name implies, counts uhger of frames. There are four
different frame counter modules for each of detecterame count 11 counts for detector
1, frame count 8 counts for detector 2, frame count 5 cdantdetector 3, and finally
frame count 2 counts for detector 4 as a consequence of(tind delay integration)
algorithm.
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Figure 3.17: Architecture of digital control block

Cycle count module counts the number of clock cycled, & the end of 256 successive
cycles, it produces the frame end output signal. Thisdramd signal cause the frame

counters to increase by 1.

Detector datapath modules are the main modules that prdtrioecessary S1, S2, RESET
and INT signals for the analog circuitry. These detedatapath modules take the frame
counter outputs as their inputs, and produce the appropigaizls for each frame. For each
different frame, there are different signal combinagigoing to the analog circuitry.

Another block of the digital main block is the channelestion part. Channel selection
circuitry is put in each channel of the analog part. phis is also controlled by the digital
part. Cycle counter has 8 bits output to count 256 cyclaseSr2x4 ROIC is implemented
in this version, 72 channel is needed. For this purposery [@wés of the cycle counter is
used. Then, a 7x72 decoder is used for the channel seldéitisin72 outputs of the 128
outputs are used for the channel selection. Since thessldecoder is implemented by the
combination of 3x8 decoders, 9 3x8 decoders are used for thissadicoder. In the first
4 cycles, there is no operation. After the fourth eyl first output of the address decoder
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is activated and it continues accordingly. The outputefchannel select decoder drive

the channel selection circuitry in the analog part.

Another block in the digital main block is the diff_caoitblock. This block is used to

produce appropriate signals for the offset cancellatiagesin the analog part. Desired
switching activities are implemented by the diff_conto@dck and are sent to the offset
cancellation stage. This error produced by the offset datioel stage is then subtracted
from the main signal, and more accurate data is giveénet output buffer stage. In order to
produce the correct error signal, diff _control block stioexactly mimic the behavior of

the detector datapath circuits. The switching activitieSIy S2, RESET and INT signals
has to be mimicked correctly by this circuit.

The digital main block is implemented using Verilog HDLmslated by Modelsim,
synthesized by Synopsys Design Vision and placed & rooyeSilicon Ensemble using
AMS 0.35 um CORELIB.

3.3.5.2Parallel/Serial Interface Circuit

The ROIC can be programmed both with parallel interfacé serial interface. Parallel
interface is the basic programming mode with default pt@serSerial interface adds the
functionality of pixel select/deselect through supplyinggvaht data to the pixel address
decoder and pixel latches. The block diagram of the pdsaltell interface is shown in Fig.
3.18.

61



int

- G1,G065,G050
int cycle counter !
i TDI,
reset O counter enable TDI_pos y,
ZJ\R reset_counter ] TDI_neg_y
O— reset
i BYPAST,
™ BYPAS2,
shift control BYPAS3, analog
o BYPAS4 | block
i reset shift to_dontrol _reg
C'\
clk
reset "
clk | i
shift n > control control | control
register reg_ou register register |  signals
shift_control O
serial_data
parallel_data

serial_transfer

Figure 3.18: Architecture of parallel/serial interfaces

3.3.5.2.1 Parallel Interface

The parallel interface is the basic operation modROfC. With the parallel interface in
active mode, ROIC can be operated with TDI mode or BS&Mode. Bidirectionality and
gain adjustment are also possible with the paralletfaxte.

There are six inputs of the parallel interface:

SERIALbar: This input is used to determine the operation mofléehe ROIC. If
SERIALbar=1 which also means SERIAL=0, it means thatR®IC is in parallel mode.
The default value of the SERIALDar is high.

PGAIN2bar: One of the two bits of gain adjustment.abéfvalue is high.
PGAIN1: One of the two bits of gain adjustment. Defaaltue is high.

PDIRbar: This input determines the direction of the $&dn. Default value is high.
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PBYPAS2bar: One of the two bits of BYPASS adjustment.
PBYPAS1bar: One of the two bits of BYPASS adjustment.

Two bits are needed for gain adjustment and BYPASS modeaube there four possible
gain settings and four possible BYPASS modes. With thauttefalues stated above,
ROIC is in TDI mode scanning in the +y direction andthasgain setting of 1.

Four different gain settings and corresponding gaingatie given in Table 3.3:

GAIN2 | GAIN1 | Cint(pF) | Gain Ratic
0 0 0.3t 1.3(

0 1 0.4¢ 1

1 0 0.7C 0.6t

1 1 0.9z 0.5C

Table 3.3: Control bits for gain settings of ROIC

Six different settings with TDI or BYPASS modes gieen in Table 3.4:

DIR | BYPASZ | BYPAS]1 | MODE

0 0 0 TDI along +Y (default
0 0 1 BYPASS on diode

0 1 0 BYPASS on diode

1 0 0 TDI along-Y

1 0 1 BYPASS on diode

1 1 0 BYPASS on diode

Table 3.4: Control bits for TDI direction and test mode
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3.3.5.2.2 Serial Interface

Serial interface is activated if the serial_transgehigh. In serial mode, in addition to the
different gain settings and bypass modes, pixel desateftinctionality can also be used.
For this purpose, control register is used. The SERDATshidwe external input to load the
control register.

There is a two stage pipelined architecture consisting shit register and a control
register. SERDAT bar input is connected to the shift tegisShift register continuously
shifts the inputs. After 24 cycles the 24 bit control registata is ready on the shift
register. In the following cycles with the negative edféhe INT signal, this 24 bit data is
parallel loaded to the control register.

So, in order to operate the ROIC in the serial mads, derial_transfer input is to be set to
logic high. After serial transfer is activated, negatedge of the INT signal is waited. With
the negative edge of the INT signal, SERDAT bar inpgtasted to be loaded to the shift
register cycle by cycle. This load operation of the diaifister takes 24 cycles. After 24
cycles, the interface waits the negative edge of e dignal for the shift register to be
parallel loaded to the control register. If seriahsfar input remains logic high, then with
the next negative edge of the INT signal, next 24 bishealoaded to the control register
with the same procedure. So, ROIC is programmed by thisnathg serial mode.

The important thing while programming the circuit is r@titake INT signal up and down
with the intervals shorter than 24 cycles, becauseigm®t a valid input pattern. If serial
mode is selected and INT signal is made up and downpntbahs the start of the serial
transfer. Serial data has to be provided for the foligwd4 cycles, then INT signal can be
changed again in order to load the data from shift ragistcontrol register.

Control register consists of 24 bits, which are 8 bitstrad word, 8 bits data word and 8
bits address word, which is shown in Table 3.5. Controtlveonsists of the following bits:

CNT: At logic high level it allows to write on thegisters GAIN2, GAIN1, DIR, BYPAS2,
BYPASL1 and SELECT. At logic low level, it locks thecass to these registers.
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GAIN2 and GAIN1: Gain setting bits same as mentionedarptrallel interface.

DIR, BYPAS2 and BYPAS1: TDI direction and bypass mode &ahest bits as mentioned
in the parallel interface.

SELECT: At logic low level, it enables pixel deseleatfunctionality, at logic high level it
forces all pixels to be selected.

PGM: At logic low level, it deactivates the data wgtto the data word part of the control
register. At logic high level, it allows the data tng for selection or deselection at the
address indicated in the address word.

S|C|G|G|(D|B|B|S|P
I'IN[AJA|IT[Y|Y|E|G

8 bit data for

. ) .|, 8 bit pixel program addres$
N N[N AlA|E selection/deselection of pix¢ 't pIXel prog

bit)0| 1] 2| 3] 4 5 4 8§ 9 101|12(13|14(15|16(17|18(19|20|21|22|23

WORD CONTROL : 8 BIT§Y DATA WORD : 8 BITS ADDRESS WORD : 8 BIT$

Table 3.5: Control register bits of ROIC

One data word holds the information of 8 pixels. If tha¢a word is logic high for a pixel,
then it means that this pixel is selected. If it isiddgw, then this pixel is deselected. The
first four bits hold the information of channel (2n-1), ighthe last four bits hold the

information of channel 2n.

The address word bits are used as the following: The bitis<trsed for the selection of
addressed channel block (lower part or higher part of tlag)arfhe lower 7 bits starting
from bit <6> to the last bit <O> address 72 lines. By Way 144 lines can be addressed,
and there are two channels in a line, which means all 28&elsacan be addressed.
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Verilog HDL code implementing the parallel/serial miéee functionality is written and
simulated in Modelsim environment. Interfaces are syitbdsn Synopsys Design Vision
and placed & routed in Silicon Ensemble using AMS 0.35 [®RELIB library, like the
digital main block.

66



4 SIMULATION and MEASUREMENT RESULTS

Simulations for 72x4 P-on-N ROIC are done with différamount of input currents, and
with different gain settings, in order to test the effef input current and gain settings.
Simulation results are taken from four different stagehich are integration capacitor
stage, TDI output, offset cancellation/automatic gadjustment output, and output buffer.
The integrated voltage on the integration capacitor shioellsame with the output voltage,
if 1.7 V amplifier offset is subtracted from the outpoltage. It is also possible to see that,
the difference of TDI output and offset cancellatidage output is same with the
integration capacitor voltage and output voltage, if 1. mldier offset is subtracted from
the output voltage.

4.1 Simulation Results of Minimum Input Current
Results in Figs 4.1 — 4.4 show that 35 mV is integrated thwetontegration capacitor. At
TDI stage, with addition of the switching and parasitie&s, 158 mV is added. At the

offset stage 133 mV is observed, while the output voltagd sV, which is close to the
integrated voltage at the input capacitor.
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Figure 4.1: Voltage at the integration capacitor for 1npesgration time with G1
setting for minimum input current
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Figure 4.2: Voltage at TDI output for 10 ps integration tuwign G1 setting for
minimum input current
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Transient Respanse
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Figure 4.4: Voltage at the output for 10 ps integratior tmth G1 setting for
minimum input current
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4.2Simulation Results of 25 nA Input Current

Results in Figs. 4.5 — 4.8 show that 537 mV is integratedtbetmtegration capacitor. At
TDI stage, with addition of the switching and parasitie&s, 667 mV is added. At the
offset stage 133 mV is observed, while the output volis&39 mV, which is close to the
integrated voltage at the input capacitor.
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Figure 4.5: Voltage at the integration capacitor for 1npesgration time with G1
setting for 25 nA input current
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Transient Respaonse
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Figure 4.6: Voltage at TDI output for 10 ps integration twwign G1 setting for 25
nA input current
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Figure 4.7: Voltage at offset cancellation stage output@ous integration time
with G1 setting for 25 nA input current
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Transient Response
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Figure 4.8: Voltage at the output for 10 pus integratiom tmth G1 setting for 25
nA input current

4.3Simulation Results of Maximum Input Current

Results in fig. 4.9 -4.12 show that 1088 mV is integrated tre integration capacitor. At
TDI stage, with addition of the switching and parasitieas, 1218 mV is added. At the
offset stage 133 mV is observed, while the output voltage is M3 which is close to the

integrated voltage at the input capacitor.

72



Transient Response
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Figure 4.9: Voltage at the integration capacitor for 1npesgration time with G1
setting for maximum input current
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Figure 4.10: Voltage at TDI output for 10 ps integration twitdn G1 setting for
maximum input current
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Transieant Response
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Figure 4.11: Voltage at offset cancellation stage output@qus integration time
with G1 setting for maximum input current
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Figure 4.12: Voltage at the output for 10 ps integratioe tivith G1 setting for
maximum input current
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4.4Simulation Results with G0.50 Setting

Results in Figs. 4.13 — 4.16 show that 551 mV is integratedtbatmtegration capacitor.
At TDI stage, with addition of the switching and parasiffe@s, 617 mV is added. At the
offset stage 64 mV is observed, while the output voltag®ismV, which is close to the
integrated voltage at the input capacitor. This simulasioows that G0.50 setting works
fine, because at gain G0.50 setting, the voltage at thetasitgxpected to be the half of the
voltage with gain setting G1, with the same integratioretand current. At gain setting
G1, output voltage is 1091 mV, while it is 555 mV at gain 8gt60.50, which is an

acceptable error offset of 19 mV.

Transient Fesponse
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Figure 4.13: Voltage at the integration capacitor for 10 {egmtion time with
G0.50 setting for maximum input current
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Transient Respaonsea
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Figure 4.14: Voltage at TDI output for 10 us integration twidn G0.50 setting for
maximum input current
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Figure 4.15: Voltage at offset cancellation stage output@aus integration time
with G0.50 setting for maximum input current
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Transient Respaonse
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Figure 4.16: Voltage at the output for 10 ps integratioe tivith G0.50 setting for
maximum input current

4.5Comments on Simulation Results

Simulation results show that ROIC design works sudelgsAs explained in previous
sections, the output voltage should be the additionfierence between TDI — Offset and
1.7 V. This value should be same with the addition ofritegration capacitor voltage and
1.7 V. Simulation results show that there is a d#ffexe of 2-8 mV between the output
voltage and ideal voltage, which is fine. Simulation tssof maximum current with G1
setting and G0.50 setting, also shows that gain settihB©OtC function properly. Since
the capacitor size of G0.50 setting is twice the Glmggthalf of the voltage of G1 setting
should be integrated in G0.50 setting, which is correct.
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Integration | TDI Offset Output Output

Capacitor Simulated Ideal
3nA/G1 35mVv 1358mV 1333mV 1727mV 1735mV
25nA /Gl |537mV 1867mV 1333mV 2239mV 2237mV
55nA/G1 |1088mV 2418mV 1333mV 2791mVv 2788mV
55nA /| 551mV 1817mV 1264mvV 2255mV 2251mV
G0.50

4.6 Noise Simulations

Noise analysis is done by transient noise analysizadence Spectre CAD tool. In order to
determine the noise contribution of each stage of R&Haulation results at the outputs of
each stage is taken. For noise analysis multipleswomne for better results, however due

to simulation time limitation, noise analysis for &ns is used in this analysis. The rms

Table 4.1: Voltage levels for minimum, 25 nA, and maximum curae 4

different stages of ROIC and corresponding ideal oupltdge

values of noise are calculated according to the equatidrsnd 4.2.

Equation 4.1 shows the rms values of continuous signals:

fl.‘IIlS =

!
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Equation 4.2 shows the rms value calculation of mulnplse data:

N
R SF N CLE B
Trms = N I; = N
N 1

First rms value of noise simulation run is found usirgeljuation 4.1. Then, multiple rms

(4.2)

values are used in equation 4.2 in order to find the tomhaoise.

The resulting rms voltage value is converted into chargeadoby using the equation 4.3

R=CV (4.3)

To find the number of electrons Q is divided by g, whiclmésdharge of an electron.

It is observed that important noise contributors of R@C are input unit cell stage and
offset cancellation stage as expected. Input unit celln@derate noise due to CMI unit
cell’s current mirrors, and offset cancellation stage large resistors.

The first and second iterations of three iterationsedéor transient noise analysis are

shown in the following sections.

4.6.1 Noise Analysis at the Integration Capacitors Stage

As presented in Figs. 4.17 and 4.18, input referrgd Noise value is found to be 286 pVv
for this stage. For 460 fF integration capacitance it coomds to 821 electrons.
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Figure 4.17: Iteration 1 for input referregnnoise at integration capacitor stage
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Figure 4.18: Iteration 2 for input referregn\noise at integration capacitor stage
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4.6.2 Noise Analysis at TDI Stage
Input referred Vrms noise value at the output of TDgstim Figs. 4.19 and 4.20 is found to

be 449 pV. With 460 fF capacitance it corresponds to 1288 a@hsc
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Figure 4.19: Iteration 1 for input referredwnoise at TDI stage
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Figure 4.20: Iteration 2 for input referrednoise at TDI stage
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4.6.3 Noise Analysis at Offset Cancellation Stage

Input referred Vrms noise value at the output of TRYst seen in Figs. 4.21 and 4.22 is
found to be 1034 pV. With 460 fF capacitance it correspong968 electrons.
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Figure 4.21: Iteration 1 for input referredwnoise at offset cancellation stage
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Figure 4.22: Iteration 2 for input referredwnoise at offset cancellation stage
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4.6.4 Noise Analysis at the Output Stage

Input referred Vrms noise value at the output of wiRHC structure, as presented in
Figs. 4.23 and 4.24, is found to be 1037 pV. With 460 fF capacitac@eesponds to

2978 electrons.
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Figure 4.23: Iteration 1 for input referred,vnoise at output stage

— QOutput Reration 2

- 500
750
10 ||I|| Ili“lllll”ll]l:n
&
S.1.25
= ]
1.5
] ||]||"|'|‘| |' |”| |
1.75] | |
204
50 &0 &70 &0 &0 700 710
0 (B

Figure 4.24: lteration 2 for input referred,vnoise at output stage
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4.7 Measurement Results

The measurement results are taken from 4x4 P-on-N R@ta;h is designed and
fabricated using AMS 0.35 um 4 metal 2 poly CMOS procesdxl ROIC, there are 4
channels, each of them giving output subsequently. In 4x4RROIC design, variable
integration time, and adjustable gain settings properties implemented, whereas
serial/parallel interface is not implemented. Thelyfufunctional ROIC with all
functionalities is 72x4 P-on-N ROIC.

For the measurement of 4x4 P-on-N ROIC a printed citwagird (PCB) is designed and
fabricated, which is shown in Fig. 4.25. The desired inputadsgare given by a couple
power supplies and function generator, and outputs are mdasattte the help of an
oscilloscope. The fabricated 4x4 P-on-N ROIC chip is teseinto the CQFP socket.

Figure 4.25: PCB for the measurement of 4x4 P-on-N ROIC
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CQFP 120 package type is preferred for the 4x4 P-on-N RQd&ube of the availability
of more than 100 leads, which provides to take measurementsdifferent locations of
the chip. The 4x4 P-on-N ROIC within CQFP 120 package tydeoisrsin Fig. 4.26.
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Figure 4.26: 4x4 P-on-N ROIC within CQFP 120 package type

Measurement results show that, 4x4 P-on-N ROIC lineatBgrates with the changing
integration time, and the digital circuit controllingetanalog part of ROIC works properly.
Fig. 4.25-4.28 show the voltage on the integration capawittbr 4 different integration

times. All these measurement result are taken fronceté.
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Figure 4.27: Voltage on integration capacitor with 16 pgatéon time, gain
setting 1.30

Voltage on the capacitor is measured to be 1.87 V for i6tggration time.

m%ﬂ 1.00 Y Adiv ﬂ @lﬂ-”
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Figure 4.28: Voltage on integration capacitor with 20 pgation time, gain
setting 1.30
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Voltage on the capacitor is measured to be 2.32 V for 26t@gration time.

2 Sl

Figure 4.29: Voltage on integration capacitor with 22 pgation time, gain
setting 1.30

Voltage on the capacitor is measured to be 2.54 V for 2@t@gration time.

GENTEEY | Scales

Figure 4.30: Voltage on integration capacitor with 23.75 |egnattion time, gain
setting 1.30
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Voltage on the capacitor is measured to be 2.71 V for 2ZF 7dtggration time.

The following measurement results from Fig. 4.29 to 4.32 stimvvoltages on the

integration capacitors of different detectors. Eacledset is linearly integrating the voltage
to the input capacitors, but the integrated voltage feréift for all of them. This means
that, there is no problem with the linear integratiorclmdrge to the capacitor blocks, but
the problem is different amount of charge storage.

To investigate the reason of this difference, sevarallations are done. It is observed that
the metal paths carrying current from the detectorfi@ostorage capacitors are too long,
and their lengths are different for all detectors, Whiesults in huge parasitic capacitance
different between detectors. To solve this problem,ctiaiit topology of the unit cell is
changed, and voltage is decided to be carried to thag&arapacitors instead of current,
because during current carrying current operation, a lot arfgehis lost due to parasitic
capacitance associated with long paths. Another soltiticwvercome this problem is to
rearrange the channel architecture by changing capacitoespla such a way that, all
detectors see more or less the same amount of paremtacitance. The 72x4 P-on-N
ROIC is designed and implemented in this way, therefbre voltage difference at
detectors is not expected for the 72x4 ROIC.
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Figure 4.31: Detector 1 voltage with 24 us integration toad setting 1.30
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Detector 1 voltage is measured to be 905.7 mV for 24 ps atiegitime.

il )2 B H 100 sl

Markers

Figure 4.32: Detector 2 voltage with 24 us integration toad setting 1.30

Detector 2 voltage is measured to be 2.253 V for 24 us atiegrtime.
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Figure 4.33: Detector 3 voltage with 24 us integration toad setting 1.30

Detector 3 voltage is measured to be 2.441 V for 24 us attegrtime.
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Figure 4.34: Detector 4 voltage with 24 us integration toad setting 1.30

Detector 4 voltage is measured to be 3.016 V for 24 us attegrtime.

5 CONCLUSIONS

In this thesis, a 72x4 ROIC for 72x4 P-on-N HgCdTe long wafvared detector array is
designed and implemented. In the first chapter, a gewiena about the infrared imaging
systems, detectors, and ROICs is given. In the sedwaqater, building blocks of ROICs,
which are input unit cell and time delay integration (TOBge, are introduced. Several
unit cell architectures are compared in terms of their mdges and disadvantages, and
two implementation methods of TDI algorithm is discalsda the third chapter, a detailed
description of ROIC implementation is given. Used RO#tchitecture, channel
architecture is first introduced. Implementation of ueil and TDI stages are explained in
detail. Offset cancellation/automatic gain adjustmeaest output buffer stage is explained
and the amplifiers used in these stages are given. Dagitdrol stage and serial/parallel
interface stage are also explained in the third chapteally in the fourth chapter,
simulation results for 72x4 P-on-N ROIC and measuremesutlts for 4x4 P-on-N ROIC
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for the functionality and noise analysis of ROIC isegi, and some comments about

simulation and measurement results are provided.

As the input unit cell architecture, current mirroring ineggm (CMI) unit cell is chosen
for its stable detector bias voltage, low input impedahig linearity, and good dynamic
range, that comes with the drawback of moderate noigerpmnce. The main reason to
select CMI unit cell architecture is the 1 Mdetector resistance. For the high injection
efficiency for that resistance value, CMI unit celttatecture provides very good results,
together with very stable detector bias voltage.

In the TDI stage of the ROIC, single summation angslifvith multiple storage elements is
used. The alternative TDI implementation is the rplétisummation amplifiers with less
storage elements. TDI over four elements with a supwisag rate of three is
implemented. For this implementation, one TDI ampiifand 26 storage capacitors are
used for single channel. 11 storage elements for thedétsctor, 8 storage elements for the
second detector, 5 storage elements for the third deteetdr2 storage elements for the
fourth detector are needed to implement that TDI neetfilese multiple storage elements
are required to store the image data to be used in conainge$;, because the same image
comes to the fourth detector after 10 frames than itesoto the first detector. The TDI
algorithm should add the contributions of four detector pif@idhe same image, so that
much storage elements are used for TDI over four elemeith supersampling rate of
three.

After the image data is stored in the corresponding stalegeents, they are integrated in
the TDI amplifier with the help of S1, S2, RESET, ai Icontrol signals. INT signal
controls the integration capacitor switch while RES#dnal controls the reset switch of
the TDI amplifier. S1 and S2 signals control the floficharges from integration capacitors
to TDI capacitor, and reading of these charges to thetaféscellation stage.

TDI stage suffers from the bottom plate capacitanace#nd switching capacitors effect.
The switching capacitors exhibit charge injection problem amckdeedthrough problem.
In order to eliminate these effects an offset canbefiastage is needed. The offset

cancellation stage is the copy of a channel producingdhee offset error including the
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parasitic capacitance and switching capacitor effects. &rhimeous voltage is subtracted
from the TDI voltage in the offset cancellation stage sent to the output buffer stage.
Automatic gain adjustment is also done in offset cdamioeh amplifier with switching
resistors based on the information of pixel selecti@@ldetion. If one or more of four
detector pixels are malfunctioning, the resulting voltafjghe amplifier is multiplied by
1.33 to compensate the dead pixels.

The output of the offset cancellation/automatic gaijusichent stage is sent to the output
buffer stage. The output amplifier is designed and emginted based on the requirements
of 10 pF output load with 1 M resistance. The output amplifier should be settieléss
than 100 ns with reasonable phase margin and slewTiageslew rate of the output op-
amp with the above mentioned output load is 65 V/us.

A digital control circuit produces the controlling sighalf analog building blocks, and a
parallel/serial interface programs the digital contbédck. Digital control block and
parallel/serial interface is written in Verilog HDlariguage, synthesized in Synopsys
Design Compiler, and placed/routed with Silicon Ensenbléhe AMS 0.35 um CMOS
CORELIB library to be used in the layout of ROIC. Theitdl synthesized part is operated
with 3.3 V, while the analog part is operated with 5 V inplite reason for the digital part
to be 3.3 V is that, 5V digital libraries of AMS aretmvailable. The interface between the
digital part and analog part is the level shifter bldakvel shifter takes the 3.3 V signals
from the digital part, and shifts the signal level td ® drive analog part of the ROIC. The
address and channel selection decoder are full customndesgerating with 5V signal

level.

Functionalities of the 72x4 P-on-N ROIC is simulated eeulilts are given. Measurement
results of 4x4 P-on-N ROIC is also given. Data avadldimm the measurement results are
evaluated and 72x4 P-on-N ROIC is designed and implembassti on these data. Some
problems encountered in 4x4 ROIC helped to change some gfatte ROIC, and
problems observed in the measurement results are tried &iminated in 72x4 P-on-N
ROIC. Simulation and measurement data show that R@icibns properly.
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The designed 72x4 P-on-N ROIC has the properties of biginattTDI scanning, variable
integration time, adjustable gain settings, by-pass(tastle, pixel selection/deselection,
and automatic gain adjustment. It can be programmed thithegbarallel/serial interface.
Parallel interface is the basic operation mode inctudadl properties except pixel
selection/deselection property. In serial mode, dead mf@mation which is determined
in by-pass mode is supplied to the ROIC, and ROIC utilizissimformation to determine
whether that line of the image uses automatic gain adgrgtor not.

All requirements of the ROIC are met except the naas@irement. In the future design the
noise performance can be improved with different unit axehitecture and lower resistor
values in the offset cancellation amplifier. Theass of the project led to the next project
of 576x7 ROIC design, which uses TDI over seven elemeititsanw optical supersampling
rate of three.
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