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Abstract

Amorphous silicon (a-Si:H) technology provides an opportunity to develop large
area X-ray imagers with enhanced benefits over existing imaging technology. An
important application of a-Si:H X-ray imagers, and the motivation of this research, is the
development of diagnostic digital X-ray imagers to aid in the diagnosis of patients by
medical professionals. Moreover, a diagnostic X-ray imager is desired that can provide
real-time digital fluoroscopic and high exposure chest radiographic imaging applications
on the same X-ray medical equipment. This research presents an architecture for a low-
noise custom designed medical imaging solution designed to extend the dynamic range of
pixel amplification with a current-mediated a-Si:H active pixel sensor (APS), for
diagnostic X-ray imaging. The proposed circuit design permits the ability to perform
both real-time fluoroscopy, and higher contrast chest radiography. The medical imaging

solution was implemented and simulated in CMOS 0.18 um technology.
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1 Introduction

The introduction of amorphous silicon (a-Si:H) technology in large area X-ray
digital imagers have provided the benefits of supplying a uniform deposition, low capital
cost, and enhanced tolerance to X-ray radiation [1]. In addition, a-Si:H digital imagers
provide on-screen diagnosis, the immediate viewing of radiographic images, convenient
computer storage, and a compact imaging solution that is desired in diagnostic X-ray
imaging. Currently, real-time fluoroscopy presents a challenge in X-ray imaging because
of the capabilities demanded of the digital imaging electronics. Fluoroscopic imaging
entails continuously exposing a patient to low doses of X-ray radiation. For instance, this
occurs when a medical practitioner is scoping the artery of a patient with a catheter.
Consequently, the digital imaging pixel electronics must handle reduced signal inputs for
the application.

The most widely used pixel architecture is comprised of passive pixel sensors
(PPS) that employ direct detection [2]. A popular amorphous selenium (a-Se) PPS
architecture approach for photo-detection involves a readout circuit consisting of a thin-
film-transistor (TFT), and a capacitor [3]. Charge accumulates on the capacitor during an
integration interval, and the TFT acts as a switch to transfer the charge to an external
charge amplifier. PPS architectures are advantageous for providing compact imagers
which are practical for high-resolution applications. However, PPS structures are
challenging to implement successfully for low-input, large area imaging solutions, as in
fluoroscopy [3]. In general, PPS solutions require high-performance, are expensive, and

may require low-noise custom charge amplification [4]. Other implementations utilize



indirect detection, such as industry standard a-Si:H switch based pixels with a signal-to-
noise ratio (SNR) that produces blurry images at fluoroscopic exposure levels [2]. In
contrast, current-mediated a-Si:H pixel amplifiers are able to supply a good quality SNR
for low doses of X-rays required in fluoroscopy [5,6]. However, the output of the pixel
amplifier becomes non-linear for increased radiation dosages, restricting the dynamic
range of the pixel. This poses a dilemma when it is necessary to capture a high contrast
radiographic image at a region of interest during a fluoroscopic operation.

The application and focus of this research is to present a low-noise medical
imaging circuit solution designed to extend the dynamic range of pixel amplification with
a current-mediated a-Si:H active pixel sensor (APS), for diagnostic X-ray imaging. The
proposed design would permit the dual functionality of both real-time fluoroscopy, and
higher contrast chest radiography. The medical imaging solution was implemented,

simulated, and fabricated in CMOS 0.18 um technology.

1.1 Indirect and Direct Detection

There are two types of flat panel imager approaches that differ in the method of
how X-ray light is detected. The first approach is classified as indirect detection as it
utilizes a phosphor layer placed in intimate contact with a flat panel array. The intensity
of light produced from a location on the phosphor, translates to a measure of the intensity
of the X-ray light incident on the surface of the detector, at the same relative point.
Photosensitive elements on the pixels of the imager generate electric charges proportional
to the intensity of light emitted from the phosphor in close proximity to each element.
The process is termed indirect in that the image is transferred from X-rays to visible light

photons before ultimately converted to electrical charge. In comparison, direct detection



relays X-ray interaction through photoconductors which produce charge. The process is
deemed direct in that the image is transferred from X-ray light directly to electrical

charge without an intermediate stage.

1.2 Pixel Architectures

1.2.1 Passive Pixel Sensors

Imaging array

Data Bias /\
— ! Vi (Bias line) i

|
|
w |
§ | 1 |
o ! Data line 11 [
P Sensor 1 1 |_ : 1
(3 ! 1 Crs !
TFT 1 Vourl
| I —® |
- 4 Amplifier i Cst = i1 |
1 | Gate line | l==k= |
Multiplexer Digital Pixel Custom Column
Electronics Readout Circuitry
Figure 1 Passive Pixel Sensor Architecture

A commonly used passive pixel sensor resembles the one presented in Figure 1.
Operation of the sensor is initiated by switching off the READ TFT such that the
transistor is highly resistive. At this time the voltage across V is close to zero as there is
no charge across the storage capacitor, Cst. When X-rays are incident on the pixel, Va
moves toward Vg while Cgr is charged. The change in V4 during exposure is then a
measure of absorption from X-ray light. In the readout phase, the READ TFT is
switched on and the transistor is put in a low resistance state. A current then flows from

the external circuitry to reset Va while also being integrated across the feedback



capacitor, Cgg. The output voltage, Vour, then produces a measure directly related to the
intensity of X-ray light detected.

The single TFT approach of the PPS allows for compact imagers and high
resolution imaging. However, the PPS is vulnerable to noise emanating from the data
line resistance and capacitance, as well as from the external column readout circuitry.
The parasitic effects of the data bus adversely influences the readout speed and noise of
the pixel, placing restrictions on the size and readout capability of a large area imager

constructed with PPS elements.

1.2.2 Amorphous Silicon Active Pixel Sensors

Amorphous Silicon

Current-Mediated Pixel Amplifier
Custom Column

Readout Circuitry

Figure 2 Current-Mediated Active Pixel Sensor Architecture

A current-mediated active pixel sensor (C-APS) is constructed as shown in Figure
2 [5]- The C-APS architecture utilizes three TFTs. Central to the C-APS is the AMP
TFT that operates as a source follower which produces a current output to drive the
column readout circuitry. The C-APS operates in three modes of operation: Reset,

Integration, and Readout mode. In Reset mode, the RST TFT is pulsed on and the sensor



charges up to Qp generating the voltage Vpix. The integration mode occurs after reset,
where both the RST and RD switches are turned off. It is during an integration period of
tint that the input signal, Av, from the X-ray light generates photocarriers discharging an
amount AQp, and as a result a proportional amount of gate voltage on the AMP TFT. The
readout mode follows integration where the RD TFT is switched on and for a sampling
time, Ts. In this mode, the APS becomes connected with the column readout circuitry
and an output voltage, Vour, is generated across Crp proportional to T relating the AVpix
input change from the light-sensitive input.

A drawback of the C-APS architecture is that it requires three TFT transistors.
Therefore, it occupies more space on the pixel than a PPS, and hence will have a smaller
area sensitive to light input unless vertical stacking is employed [7]. The advantage of
the C-APS approach is that it does not suffer from the effects of data line resistance and
capacitance like the PPS and voltage-mediated active pixel sensor (V-APS) architectures.
Results have shown that the C-APS architecture is capable of larger dynamic ranges for
low exposure levels where the PPS arrays have produced blurry images [5,6]. The C-
APS also suffers from other disadvantages to be discussed in the next section. It is the
focus of this research to overcome those shortcomings while taking advantage of the
improved SNR performance of the C-APS compared to well-known architectures, such as

the PPS.

1.3 Large Area X-ray Medical Imaging Challenges

Several design challenges arise when developing large area X-ray imaging
circuitry. The challenges to readout circuitry originate from the small-signal inputs

emanating from the outputs of the current-mediated amorphous silicon pixels.



Consequently, the readout circuitry is, in part, a custom made design to best amplify the

output pixel signals in the presence of these implicit design requirements. The design

challenges are explained in further detail.

1.3.1 Small-Signal Inputs

X-ray sensors produce small currents that the electronics must discern and amplify
to generate the required digital image. These currents can be difficult to measure. For
example, an estimate of a 250 pm x 250 um x 1 pum a-Si:H semiconductor surface
produces roughly 1 nA of current in a digital fluoroscopic setting as illustrated in Table 1
[8]. Hence, a requirement for the medical imaging electronics is to be able to read signals

of this magnitude.

Table 1 Small Current Calculation for a Semiconductor Pixel

Semiconductor surface dimensions: 250 pm x 250 pm x 1 pm

ofons

Min. level of illumination for digital fluoroscopy applications: 1,000 £h2—

pm® *s
Assume a max. quantum efficiency and absorption coefficient: 0.8 and 10° cm™

1 6 1. -19
l,OOOpzhotons . 0 . lem © 250m * 250pm * 1um * 6x107°C
um* es cm 10,000um s

*0.8=0.8nA

1.3.2 Low-Noise Circuitry

Since active pixel sensors can produce Pico amperes of input current, another
requirement the medical imaging circuitry must have is to be able to detect and amplify
these signals without contributing further noise to the process. The minimum resolvable

X-ray signal that may be detected in a system is determined from the noise of the image



sensors, and from the image electronics including the amplifier. A goal in diagnostic
medical imaging is to remove noise as much as possible when recovering signal input

with a low noise design.

1.3.3 DC Subtraction

Amorphous Silicon
Current-Mediated Pixel Amplifier

Icaps= IinT + Al
=P

r'q
L

Sensor

Figure 3 Current-Mediated Active Pixel Sensor With Output Current Makeup

A current-mediated a-Si:H pixel detector when connected to the imaging
electronic circuitry transports a bias current together with the light-sensitive input, as
illustrated in Figure 3 [5]. A further challenge for the imaging circuitry is to be able to
subtract the DC bias current, Ai, leaving only the smaller DC current, Iint, from the active
pixel sensor to be processed further. The medical imaging circuitry detects the small
current from the sensor by storing charge over a period of time. The small light-sensitive
current is converted to a voltage with a capacitor after it is integrated (i.e. V = Q/C) over
that time interval. The imaging architecture that performs this operation is called a
charge amplifier. If the bias current is not subtracted, the output voltage of the charge

amplifier will saturate much more swiftly. Furthermore, the decision for ascertaining the



output change caused solely from the light-sensitive input, will still need to be decided
later in the system. Therefore, an imaging architecture that amplifies only the relevant

input data is preferred.

1.3.4 Thesis Outline

Several different strategies were formulated to replace the custom column readout
circuitry of Figure 2 to improve the output voltage range of the external circuitry, given
the range of inputs from the C-APS. The enhanced performance of the combined system,
encompassing both the C-APS and column readout circuitry, would then lead to greater
resolution of a diagnostic X-ray image. It also has the consequence of exposing patients
to less X-ray radiation when diagnosed. The various readout techniques were evaluated
for their advantages and disadvantages, and a decision was made as to which approach
would be fabricated and/or assembled on a printed circuit board (PCB). The low
exposure digital fluoroscopic applications that were investigated, sought to either reduce
the amount of C-APS output current before charge integration, or subtract and/or
eliminate the irrelevant C-APS DC output bias current altogether. A readout architecture
was then designed to extend the output voltage range of the system beyond ﬂuoréscopic
applications to include high exposure chest radiography. This architecture is designed to
convey the larger X-ray C-APS inputs detected with this application for further signal
processing. A comparison of the properties of each X-ray imaging system is provided in
Table 2 [8]. The high exposure architecture provides a buffered output voltage from a
voltage-mediated C-APS using an on-chip resistive load to process the larger sensor input

signals, instead of the charge amplifier.



Table 2 Digital X-ray Imaging System Properties

Design Requirement | Chest Radiography | Fluoroscopy
Detector Size 35 x 43 cm’® 25 x 25 cm?
Pixel Size 200 x 200 pm> | 250 x 250 pm*
Number of Pixels 1750 x 2150 1000 x 1000
Readout Time <Ss 1/30 s
X-ray Spectrum 120 kVp 70 KVp
Mean Exposure | 300 pR 1 puR
Exposure Range 30 -3000 pR 0.1 -10 pR
Noise Level 6 pR 0.1 pR

In realizing the digital X-ray imaging solutions. a low noise amplifier (LNA) and
voltage buffer was designed and developed. The design methodology, component
selection, and performance characteristics of each structure are documented. The results
of the researched imaging solutions are also discussed, and conclusions are drawn of each
design.

The most noteworthy component of this research was the uniqueness of the digital
fluoroscopic readout designs in being able to subtract the unnecessary DC output
component from the C-APS before charge amplification. As discussed earlier, this
feature allows for the improved performance of an active pixel, with the aspiration of
advancing the state-of-the-art in X-ray medical equipment for practitioners and patients.

It represents one of the larger contributions of this work.



2 Medical Imaging Readout Solutions

2.1 Preliminary Design Strategies

Various strategies were contemplated to replace the custom column readout circuit
of Figure 2. The benefits and negative aspects of each design were assessed, and
accompany the description of each architecture below. Several designs were chosen for

fabrication and/or assembled on a PCB for further investigation.

C_RST
o
_ ¥1
Cint
| § |
oy L
— Voutr
——l)
+
Q:
GND

Figure 4 Current Mirror Strategy

The idea of the current mirror strategy, presented in Figure 4, is to scale back the
output current from the C-APS by choosing the geometry of transistors Q; and Q> such
that the current Iyt is a fraction of Ic.aps. This can be achieved by the following current

mirror equation,

10



By dropping the amount of current before charge amplification the amplifier will not
saturate as quickly, allowing for a larger range of outputs possible for a given input.
With this method the output voltage is still determined by both the large and small DC
current components from the C-APS. Since it was desirable to charge amplify only the
relevant DC input that was a direct product of light-sensitive input, other architectures

were explored.

Ra
C_RST
-

L = IcAPS e — \ 2
L = Igcs —— 4 Cint

Ry 1 +

;-1

2o — Vourr

[— -+

GND

Figure 5 Subtractor-Integrator Op Amp Strategy

The subtractor-integrator op amp implementation displayed in Figure 5 was a
design that intended to remove the large DC bias current from the desired C-APS output
current signal before charge amplification. The circuitry takes as input the C-APS DC
output current, and the DC current, Ig.cs, from an external source. The first op amp with
the resistor feedback configuration subtracts the current provided by the external source

from the C-APS output current. The resulting current, [ — I;, will be the desired current
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to be integrated. The external current source could be made variable to adequately tune
the readout circuitry to precisely subtract the extraneous DC current.

The immediate drawback of this architecture was the added area that would be
required if the solution was to be implemented in an integrated circuit solution, due to
presence of the additional op amp and resistor components. In addition, performance of
the subtractor would be a concern if the feedback resistors were not reasonably matched.
The solution, however, would provide the benefit of integrating only the current due to

pixel sensor inputs.
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Figure 6 Bypass DC Current Strategy

The Bypass DC current strategy is presented in Figure 6. It consists of a single
transistor, Qy, to bypass the larger DC component from the C-APS output current, thus
leaving the desired DC current, IinT, to be charge integrated into an output voltage, Vour-
r. A variable external bias, Vpjas, 1s provided to the gate of Q, to adjust the amount of
current to be subtracted from the negative input terminal of the op amp. The intention of

this implementation is also to remove the superfluous DC current, Ai, before charge

12



integration of the remaining current, ljnt. A PMOS transistor should be chosen for Q, to
minimize the amount of readout circuit noise.

Similar to the subtractor-integrator op amp strategy, the advantage of the bypass
DC current strategy is to integrate only the C-APS output current generated by X-ray
light. The other added benefit is the reduced complexity of this architecture relative to
the other systems considered. The disadvantage of the approach is the need of a variable

voltage source to tune the bypass DC current.
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Figure 7 Switched Capacitor Subtraction Strategy

The switched-capacitor strategy in Figure 7 involves charging up capacitor, Coq,
with the current from the C-APS pixel before the photodiode has detected any
photocarriers. During the storage phase of the circuit controlled by clock, @;, switches
Q; and Qj; are closed permitting Cq to be charged ‘to a desired voltage level in order to
bias Qs. The value for Cq is chosen such that the gate voltage for Qs will conduct a

current equal to the large DC current, Ai, which is accompanied by the desired DC
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current, Iy, in the discharge phase. While charging, switch Q; is left open as controlled
by the clock, ®,. The storage phase continues until Cq is fully charged to its” maximum
voltage whereby current can no longer conduct between Qs, and must divert to Q4. In the
discharge phase, @; then switches off Q; and Qs, as ®, switches on Q;. With the proper
bias voltage and geometry for Qs, Ai will be subtracted from the C-APS output current to
advance Iyt to the readout circuitry for integration.

The implementation has several disadvantages. The first drawback is that the
strategy requires sampling the output current from the C-APS twice. One sample is
required to charge Co to a bias voltage, and another to bypass current through Qs.
Therefore, the architecture has a great deal of complexity associated with it.
Furthermore, Cq must be cleverly chosen so that it does not leak appreciably between the
charge and discharge phases, and that it does not occupy more than a reasonable amount
of area in an integrated circuit solution. Lastly, the switching of Qs will produce a
feedthrough effect that will cause the voltage across Cq to spike, which can potentially
harm the quality of the signal being integrated. The advantage of the readout circuit
solution would be that it precisely subtracts the irrelevant DC bias current, leaving only

the desired C-APS output current for integration.
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Figure 8 Attenuation Strategy for High Exposure Applications

The remaining strategy that was researched was the design in Figure 8 that was
devised to accurately process high exposure C-APS inputs, advantageous for chest
radiography applications. The architecture requires a large value of R;, comparable to the
resistance value of the RD TFT in the C-APS. As the C-APS output current from a high
exposure input flows through the circuit, both the RD TFT and R;. act as a voltage divider
creating the voltage, Ving, at the input of a voltage buffer. The output voltage, Vouyrr,
then produces an attenuated value of the high input dosage for further signal processing.
The architecture functions owing to the linear relationship between AVpix of the C-APS
and AVoyr.r of the readout circuit. The downside of this approach is the size of R,
required to compare with the resistance of the RD TFT in the C-APS.

After considering the advantages and disadvantages of each approach, the
decision was made to fabricate the subtractor-integrator op amp and attenuation strategies
in 0.18 pm CMOS technology. This would allow an assessment of circuitry that could
perform low and high exposure applications. This readout architecture is known as

medical imaging readout solution I (MIRS I). In addition, both the subtractor-integrator

15



and bypass DC current strategies were tested with commercial IC and other discrete
components on a PCB to collect further data about each architecture. The standalone
bypass DC current readout strategy is also referred to as medical imaging readout

solution IT (MIRS 1I).

2.2 Medical Imaging Readout Solution I (MIRS I)
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Figure 9 Medical Imaging Readout Solution I

The low-noise medical imaging circuit solution in Figure 9 was designed to
extend the dynamic range of a current-mediated a-Si:H active pixel sensor (C-APS), for

diagnostic X-ray imaging applications. With the addition of the attenuation strategy, this
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design permits the dual functionality of both real-time fluoroscopy, and higher contrast

chest radiography.
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Figure 10 Feedback Implementation for Structure A

The combined design contains three low noise op amp structures and operates in
two modes. In mode 1, structures 4 and B are identical and operational for digital
fluoroscopic applications, while structure C is made inactive. Structure 4 serves to
subtract the dc bias current from the signal input before charge amplification. Structure
A is arranged in a feedback structure as pictured in Figure 10. The bias and signal DC
current is transported over I;. An external current source at I, serves to subtract the
superfluous bias current, permitting the signal input, I, - 1;, to be amplified. Structure B
operates as the charge amplifier and hence contains a capacitor in the feedback path. In
mode 2, structure C functions for radiographic applications acting as a voltage buffer to
increase the dynamic range for larger pixel inputs. Structures 4 and B are turned off
while structure C buffers the input voltage sensed across the load resistor of the active
pixel sensor. The digital fluoroscopic and chest radiography components of MIRS I were

decoupled on the integrated solution to accurately test both parts, and to allow a greater
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probability of either design module successfully operating after fabrication. should the
other module not function appropriately. The digital fluoroscopic portion of the readout

solution was also tested on a PCB with commercial 1Cs and shelf components.

2.2.1 Low Noise Amplifier (LNA)

To realize the architecture of Figure 9, a low noise amplifier was constructed for
structures 4 and B. Six different low noise amps were constructed and are labeled as
LNA-1, LNA-2... and LNA-6, as presented in Figures 26 - 33 in Appendix 1. Primary
emphasis was placed on achieving a high slew rate of 10 V/us or greater, and making the
amplifier stable for capacitive loads of 2 - 5 pF. Structure 4 is estimated to observe a
capacitive output load of approximately 2 pF. where Structure B is expected to have
around 5 pF since it will be connected to an output pad. Since structure 4 and B will be
realized with the same LNA, the amplifier must be stable for both figures and all values
in between. The other design specifications include performance parameters that are
desired but are not absolutely necessary. The desired design specifications are listed in
Table 3. The imaging solution was simulated in Cadence with SpectreS and HSpiceS

models.

Table 3 Desired LNA Design Specifications
Supply Voltage Vop =33V, V=0V
Input Voltage Range 0.0-33V
Power Dissipation <15 mW
Load Capacitor 2-5pF
Slew Rate >10 V/ps
Layout 200 pm x 100 pm
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Primary importance was placed on achieving a high slew rate so that when
integrating C-APS output currents, the output voltage from the LNA can respond quickly..
In digital fluoroscopy, a 1000 x 1000 pixel flat panel array must process X-ray inputs at
the frequency of 30 Hz, as seen in Table 2. Hence, each column of pixels in the array
must relate the X-ray input signal to the output of the external charge amplifier with a
frequency of 30 KHz. It is, therefore, advantageous to have the output voltage of the
LNA swing quickly for this real-time imaging application.

As the LNA will be designed in 0.18 um CMOS technology, Vpp was chosen to
be 3.3 V to allow for an ample voltage drop across each branch in each LNA. It was also
chosen over the 5 V rail so that it would consume less power in the system.

In order not to limit the capabilities of the LNA before construction of the
amplifier has commenced, a rail-to-rail input voltage range was listed as one of the
design requirements. A large input voltage range will allow for greater flexibility in
biasing the LNA, if required.

Anticipating the concern of how much power the readout circuitry may consume
in the digital X-ray equipment, it was desired that the medical imaging solution would
use no more than 1.5 mW of power. Given a thousand columns and a readout circuit for
each column, this would translate into a total of 1.5 W of power being consumed by the
readout hardware.

The largest pixels used in digital X-ray medical imaging are those used in
fluoroscopy. The pixel area is expected to occupy an area of 250 x 250 um’, as
acknowledged in Table 2. Consequently, a layout requirement of 200 x 100 um? for the

LNA was anticipated.
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2.2.2 Design Methodology

A number of architectures for the op amp were designed and simulated in
investigating which design would be the most advantageous for the medical imaging
solution. Various complementary folded-cascode (CFC) and two-stage amplifier designs
were compared, and ultimately a topology and several test structures were submitted for
fabrication. The CFC design was selected initially because it is known to be an
advantageous architecture for low voltage and high frequency applications [9]. These
features would be important factors in the eventual fabrication of a practical commercial

product. This architecture was compared with a conventional two-stage amplifier.

2.2.2.1 Complementary Folded-Cascode (CFC)

LNA-1 and LNA-3 are low noise complementary folded-cascode amps. In
general, the characteristic of a folded-cascode op amp is that it utilizes cascoding in the
output stage coupled with parallel-connected n and p channel input differential pairs to
obtain a respectable input common-mode range (ICMR). The folded-cascode op amp
provides a reasonable gain, input common-mode range, and self-compensation.
Furthermore, the power-supply rejection ratio of the folded-cascode op amp is
significantly improved over that of a two-stage op amp. The CFC is an architecture
based on a folded-cascode architecture. Consequently, the CFC has excellent small-
signal ac response and settling time characteristics for very small capacitive loads. The
CFC is a single-stage modified current steering architecture that incorporates a class AB
cascode stage. The performance of the CFC configuration is superior to that of the

mirrored-cascode and folded-cascoded structures [9]. The design can be used in high



frequency CMOS VLSI applications. It is capable of near rail-to-rail input and output

voltage ranges.
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Figure 11 Parallel n and p Channel Differential Input Stage'

One of the best features of a CFC is the ability for the design to provide a large
input common-mode range, and thus providing an excellent structure for low voltage
power designs. The largest problem with reducing a power supply is the effect it has on
the ICMR. The ICMR is essential for determining if the output of a stage can interface
with the input of another stage. Ideally, the ICMR should be large and centered between
the rail voltages. The most influential consequence of low-voltage power supplies is on
the input stage of an op amp. A solution for obtaining a desirable ICMR for a low-
voltage application is to use both an n-channel and p-channel differential input stage

connected in parallel, as in a CFC structure that is portrayed in Figure 11.

' Based on P.E. Allen and D.R. Holberg, CMOS Analog Circuit Design, 2™ ed. (New York: Oxford
University Press, 2002), 418.
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Figure 12 Effective Input Transconductance
for a Parallel n and p Channel Differential Input Stagez

This architecture can extend the ICMR above and below the power-supply limits.
The structure behaves uniquely in three regions of operation. The regions are defined as
follows:
Region I: Vonn > Viem > 0 (n-channel off, p-channel on)
gm(eq) = gmp
Region II: Vonp = Viem = Vonn (n-channel on, p-channel on)
gm(€q) = gmn + gmp
Region III:  Vpp > Vi, > Vo (n-channel on, p-channel off)
gm(eq) = gmn
The architecture provides a different gain in each region of operation owing to the
different transconductance and output resistance generated in each mode. The effective
transconductance for the input common-mode range is displayed in Figure 12.
LNA-1 and LNA-3 were designed to operate at 0.8 and 2.3 V biases, respectively,
in the medical imaging readout circuit solution. This was done to match the input bias
with the output voltage bias for each LNA, so that they would function appropriately in

the readout architecture. Both designs utilize very wide transistor widths in the cascode

* Based on P.E. Allen and D.R. Holberg, CMOS Analog Circuit Design, 2" ed. (New York: Oxford
University Press, 2002), 419.
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structures. LNA-1 contains wider transistors than LNA-3, and generates an optimal noise
characteristic. LNA-3 uses smaller cascode transistors establishing a slightly noisier
design that uses much less area than LNA-1. LNA-1 employs an NMOS source follower,

where LNA-3 uses a PMOS source follower output stage.

2.2.2.2 Two-Stage Amplifiers

LNA-2, LNA-4, and LNA-6 are low noise two-stage amplifiers. They have
PMOS input differential pairs with NMOS loads in the first stage. Their second stage
contains an NMOS common source amplifier and a PMOS load. Their output stage is a
PMOS source follower. The designs all contain a compensating capacitor and a nulling
resistor between the input and output of the second stage. The designs are identical in
architecture but differ in device geometry for the compensating capacitor, null resistor,
and aspect ratios for certain transistors. LNA-2 was designed to provide a low noise
amplifier with a greater margin of safety, inherent by the device geometry that was
chosen, that would increase the likelihood of successful operation of the design after
fabrication. LNA-4 was designed to obtain the best possible gain, noise, and stability of
the two-stage architecture. LNA-6 contains the same two-stage architecture, but was
designed with 3.3 V tolerant devices to ensure that a voltage breakdown could not occur
on any transistor. The remaining op amp designs contain 1.8 V devices but have been
simulated exhaustively to ensure a voltage breakdown would never take place on any
transistor in the design, even with a power supply voltage of 3.3 V.

LNA-5 is also a two-stage amplifier like the previous designs, with the exception

that the input stage also contains PMOS cascode amps in the first stage. The extra PMOS
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transistors are biased using the current source structure of the input differential pair. The

intention of this design was to improve the bandwidth of the two-stage architecture.

2.3 Medical Imaging Readout Solution II (MIRS II)
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Figure 13 Medical Imaging Readout Solution II

The low-noise medical imaging readout solution in Figure 13 was also designed
for diagnostic X-ray imaging applications to be used in conjunction with an active pixel
sensor. The readout solution requires a low noise PMOS transistor for Q) in addition to
an LNA, structure 4. An external bias controls the current through Q; to discard the
large unwanted DC output current, Ai, from a C-APS during readout mode. The desired
C-APS output current, Iint, can then be integrated with the LNA. The design was
constructed on a PCB with discrete components. The same IC integrator component on
the PCB that was used to test MIRS I, was also used for the PCB testing of MIRS 1I to
compare both architectures. The same LNA fabricated for MIRS I can be used for MIRS

11, should MIRS 11 be fabricated in the future.
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3 LNA Implementation

The design geometry for the amplifiers is provided in Tables 9 - 14 in Appendix

IV.

3.1

Performance Results

The post-layout performance results for all the LNAs are provided in Table 4.

with the exception of the output resistance and power dissipation characteristics. which

were obtained from pre-layout simulations. The power supply and input bias voltages for

each LNA are 3.3 and 1.65 V, respectively.

Table 4 CFC Performance Measurements
Design LNA-1 | LNA-2 | LNA-3 | LNA-4 | LNA-5 | LNA-6
ICMR (V) |-03-35]-03-26/-0.1-33|-03-2.6|09-2.5|-04-1.9
Gain (dB) 5023 | 70.09 57.33 71.09 66.92 74.19
fas(KHz) | 39.09 | 2021 57.48 27.59 35.91 20.84
GB (MHz) 1.96 1.42 3.30 1.96 2.40 1.55
U(“l\i,}{igB 12.74 67.51 | 27.55 128.9 104.0 103.4
Phase Margin | 84.96° | 78.70° | 74.74° | 73.50° | 74.06° | 77.07°
@2,5pF(®) | 82.60° | 64.76° | 5325° | 62.69° | 62.11° | 69.55°
ng"i(fv%llm 6.13 10.66 17.04 8.45 9.66 18.90
OVRM) | 5o | 32 | —3a00 | —3a2 | —3uz0 | 2876
Rour (@) 148.66 | 282.02 | 477.16 | 28126 | 142.60 | 683.72
CMRR (dB) | 61.94 92.19 69.51 94.61 90.50 94.83
PSRR' (dB) | 15.46 77.18 19.04 78.97 67.06 74.21




Design LNA-1 LNA-2 LNA-3 LNA-4 LNA-5 LNA-6
PSRR (dB) 9.154 70.35 22.05 76.04 63.55 67.34
Slew Rate 10.52 13.32 8.24 23.24 8.72 7.42
rise/fall (V/us) | 10.00 15.76 8.28 16.41 12.07 11.76
Settling Time | 681.09 86.26 107.69 76.07 60.97 79.40
rise/fall (ns) | 1158.06 | 58.13 65.37 57.90 57.70 57.98
Pgiss (mW) 80.57 8.729 18.66 8.752 11.34 6.811

Area (pm®) | 501,510 | 21,224 | 111,960 | 25484 | 26,633 25,257

Table 5 lists the post-layout performance of amplifiers LNA-1 and LNA-3 operating

under the input voltage biases of 0.8 and 2.3 V, respectively, with a power supply voltage

of 3.3 V. These amplifiers will operate under these biases in the medical imaging

solution.

Table S

Performance Parameters for LNA-1 and LNA-3
at their Respective Biases in the Medical Imaging Solution
Desi LNA-1 LNA-3
e (0.8 V Bias) | (2.3 V Bias)
ICMR (V) -0.3-3.5 -0.1-3.3
Gain (dB) 49.77 57.33
f 348 (KHz) 29.17 51.51
GB (MHz) 1.45 2.95
Unity GB
(MHz) 12.83 39.10
Phase Margin 84.81° 67.18°
@ 2, 5 pF(®) 83.13° 53.02°
Noise @ 1
KHz (nV/\Hz) 6.13 17.02
0.2164 1.493
Oy - 1.580 -3.102
Rour (2) 148.66 476.93
CMRR (dB) 121.3 106.4
PSRR" (dB) 60.71 61.46




P LNA-1 LNA-3

g (0.8 V Bias) | (2.3 V Bias)
PSRR (dB) 52.66 65.83
Slew Rate 7.59 29.57
rise/fall (V/ps) 6.46 29.63
Settling Time 237.35 76.82
rise/fall (ns) 955.87 65.61
Pdiss (mW) 80.53 18.65

Area (pm?) 501,510 111,960

3.1.1 Gain, f 343, GB, Unity GB, Noise, and Phase Margin

The amplifier with the highest output voltage gain was LNA-6 with 74.19 dB.
However, LNA-2 and LNA-4 were comparable with gains of 70.09 and 71.09 dB,
respectively. The gains of all amplifiers are sufficiently high to ensure the closed-loop
properties of an op amp with feedback.

The amplifier with the best -3 dB frequency and gain bandwidth is LNA-3 at the
1.65 V input bias. The -3 dB frequency and gain bandwidth for LNA-3 at 1.65 V is 57.48
KHz and 3.30 MHz. LNA-1 is comparable to the frequency performance of LNA-3 at
the input voltage bias of 0.8 V. The CFC architectures and LNA-5 has shown to provide
the best frequency results in these categories.

LNA-4 provides the best unity gain bandwidth at 128.9 MHz. LNA-4, LNA-5,
and LNA-6 are better than all the other amplifiers by a significant frequency margin in
this category. LNA-5 and LNA-6 also provide high unity gain frequencies, and are
second and third best in providing this feature.

LNA-1 provides the best noise characteristic with 6.13 nV/YHz at 1 KHz
However, it does so at the expense of using a lot of area. It is almost 4 "2 times larger

than the next largest design. LNA-2, LNA-4, and LNA-5 also provide excellent noise
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characteristics. LNA-4 and LNA-5 have noise ratings below 10 nV/VHz at 1 KHz, while
LNA-2 has only a slightly larger rating than both of those amplifiers.

LNA-1 also provides the best phase margin. This is likely because of the low
gain and large area characteristic of the design. However, all the designs have substantial
phase margins to ensure stability for a capacitive load of 2 - 5 pF. The lowest phase

margin of any amplifier is LNA-3 at 5 pF which is still greater than 50°.

3.1.2 CMRR

LNA-1 operating at the input bias of 0.8 V provides the best CMRR. All the
amplifiers produce a high CMRR. The CFC amplifiers produce the best CMRR
performance at their medical imaging input biases. The remaining two-stage amplifiers

also display exceptional CMRR performance ratings.

3.1.3 PSRR

PSSR" and PSRR™ are best for LNA-4 with values of 78.97 and 76.04,
respectively. PSRR" and PSRR’ have excellent ratings for every two-stage amplifier, and
for the CFC amplifiers operating at their medical imaging biases. LNA-2, LNA-4, and

LNA-6 all have comparably exceptional PSRR values.

3.1.4 Settling Time and Slew Rate

The greatest slew rate characteristics were obtained with LNA-3 at the 2.3 V
medical imaging input bias. LNA-4 has the second fastest slew rate characteristics. The
greatest settling time characteristics were obtained with LNA-5, followed closely by
LNA-4 and LNA-6. The settling time features for LNA-5 are comparable to LNA-4 and

LNA-6.

28



3.1.5 ICMR and Output Voltage Range

The ICMR s greatest for LNA-1 and LNA-3 as was expected because they utilize
the CFC architecture. They allow for a complete rail to rail input voltage range. LNA-2
and LNA-4 are next to the CFC amplifiers for providing the best ICMR with A 2.9 V.
LNA-5 and LNA-6 have a smaller ICMR than the other amplifiers, but are able to

provide A 1.6 and 2.3 V| respectively.

3.1.6 Dissipated Power
The dissipated power for each amplifier was obtained by summing the individual
power contributions in every circuit obtained from pre-layout simulation. The power

calculation for LNA-4 is provided below as an example:

LNA-4 Power Calculation

P = Pyo + Paai + Prz + Puts + Pyt + Puts + Py + Pug + Pug + Pagg
= (2)(206.4uA)(834.7mV) + (2)(103.21A)(1.84V)
+ (2)(103.2pA)(625.2mV) + (1.76mA)(275.6mV)
+ (1.76mA)(3.024V) + (633.7uA)(1.655V) + (633.7nA)(1.645V)

=8.75 mW

3.1.7 LNA Analysis

The LNA performance results suggest that for fluoroscopic applications, the
system should be implemented with LNA-4. Although the design does not score the best
in every performance category, it scores extremely well in the desired categories. LNA-4
has the largest gain and slew rate than any other amplifier that has a noise rating below

10 nV/NHz at 1 KHz. It has one of the best overall frequency ratings of all the two-stage
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amplifiers next to only LNA-5 in the {345 and GB categories, and more than adequately
meets the stability requirements for operation. It scores very well in the remaining
performance categories, and provides the best comprise for consuming less power and
taking less area than any other LNA. LNA-2 and LNA-6 are also very good options that
can be used to implement the system. LNA-2 has the distinction of occupying the least
area, while LNA-6 has the largest gain and consumes the least amount of power.
However, LNA-4 is practically comparable to both designs in those categories while also
achieving superior noise, slew rate, and frequency perfbrmance over those same LNAs.
LNA-1 and LNA-3 are more sophisticated designs that have a higher element of risk of
unsuccessful operation after fabrication. Where LNA-1 has the better noise characteristic
than LNA-3, it takes up much more area, and therefore LNA-3 should be chosen ahead of
LNA-1. LNA-5 was a design that attempted to enhance the frequency characteristics for
the imaging solution. Where it has the best f.;4p and GB frequency characteristics of any
two-stage amplifier, it is not as pronounced an improvement as compared to the CFC
designs. Moreover, LNA-4 surpasses LNA-5 in achieving a higher unity gain bandwidth
score. LNA-5 also has more risk associated with it successfully operating after
fabrication, because of the differential amplifier cascode structure in the first stage of the
design. Conversely, LNA-6 is a more robust design that uses 3.3 V rated transistors with
larger breakdown voltages.

The LNA post-layout simulations conclude that LNA-4, followed by LNA-6 and

then LNA-2, will provide the best performance for a medical imaging readout solution.
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4 Voltage Buffer

Structure C of Figure 9 was constructed with the same source follower
architecture that was used for the two-stage amplifiers. The device geometry for the
voltage buffer is provided in Table 15 in Appendix IV. The output bias of the buffer is
1.2 V. The design has an ICMR of 0 to 2.6 V. Hence, it can operate within the expected
input voltage range of 0 to 1 V, which is the maximum voltage drop expected across the
load resistor as it will be driven by the active pixel sensor. The design is well below 1
pV/VHz at 1 KHz, and contributes very little noise to the system. The system bandwidth
is 64.58 MHz and 105.9 KHz at the input voltage biases of 0 and 2.6 V, respectively.

The noise and frequency characteristics were verified in post-layout simulations.



5 IC Layout Design for Medical Imaging Solution I
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The channel length for all the devices was selected to be 1 um or greater. The
channel length was increased from 0.18 pm to minimize short channel effects, to lessen
any negative impact on design performance from process variation, and to decrease noise
in LNA-4 and LNA-6. Area was surrendered as a consequence of choosing a laréer
channel length. Doubling the channel length, for example, would have the effect of
doubling all the device widths to maintain the same aspect ratios for the desigh.

The larger transistors in the design were composed of smaller transistors
connected in parallel. Numerous contacts were supplied along the drain and source
regions of the device in this fingering technique. This was done in order to reduce
voltage drops that can occur between the junctions of relatively high resistive silicon
material and metal. The smaller transistors were not made longer than 5 um for the same
reason. The multi-fingered transistors in the op amp designs made use of common-
centroid and interdigitizaton techniques, as seen in the layout pictures and portrayed
symbolically in the floorplans of LNA-4 and [LNA-6 in Figures 14 and 15. The common-
centroid and interdigitizaton techniques in these op amps can be viewed at the input
PMOS and NMOS load devices in the first stage of each amplifier as highlighted by the
floorplans. These layout techniques were employed to match transistors and reduce the

inherent offset voltage in the op amp design.
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1 M$2 Resistor

Figure 16 Layout for the Attenuation Architecture

Since MIRS I was comprised of two LNA-6 amplifiers, no other layout
considerations other than increasing the size of the Vpp and Vs traces from the pins to
the pad were necessary. For the attenuation circuit in Figure 16, the 1 MQ resistor was

constructed of 20 smaller 50 KQ resistors connected in series with a snake pattern.

Figure 17 IC Layout

In general, the resistors on the IC were fashioned with highly resistive polysilicon
in an nplus region. Capacitors were constructed with two different large metal plates
connected together by vias. Every transistor, resistor, and capacitor component in the 1C

contained etching compensation. or dummy gates. Also. at least two vias were provided



at each metal-to-metal and metal-poly junction in the test structures to ensure that the
traces were properly connected. The IC layout for all test structures is presented in

Figure 17.



6 Medical Imaging Readout Results and Analysis

6.1 Medical Imaging Readout Solution I

6.1.1 Simulations

MIRS I represented in Figure 9 has been simulated with an APS Verilog-A model
in Cadence. Digital fluoroscopy simulations were initially conducted with ideal
amplifiers for structures A and B. Digital fluoroscopy pre-layout and post-layout
simulations were then conducted with each LNA taking the place of the ideal amplifier.
LNA-1 and LNA-3 operate at 0.8 and 2.3 V input bias in the system. Data was collected
across a small 10 mV to observe the resolution of the imaging solution possible with each
LNA, and a larger 0 to 0.8 V range to study the effects of higher exposure C-APS input
signals. Pre-layout simulation results show that LNA-1, LNA-2, LNA-4, and LNA-6 all
closely match the simulations with the ideal amplifier under identical conditions. LNA-3
and LNA-5 also display the required linear relationship between the input and output, and
show only a minor degradation between the design and ideal simulations. LNA-1, LNA-
4, and LNA-6 display the best linear relationships, with LNA-4 and LNA-6 standing out
among the amplifiers as providing the best digital fluoroscopy simulations with a
minimum pixel gain of 2 V/V. The pixel gain was observed even with a A 1 mV change
of Vpix at the sensor input. LNA-3 allows for the greatest fluoroscopic pixel sensor input
range with A 0.8 V before the charge amplifier will saturate. LNA-2 and LNA-4 are
second best with a sensor input voltage range of A 0.6 V. LNA-6 was third best with a

range of A 0.5 V.
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Figure 18 Post-Layout Simulations of Medical Imaging
Readout Solution I with LNA-4 and LNA-6

After comparing pre-layout and post-layout solutions of each standalone LNA,
and pre-layout simulations of each LNA in the entire readout solution, LNA-4 and LNA-
6 were deemed the best candidates for fabrication. The CFC designs occupied more area

2
, and therefore were not chosen for

than was desirable in the allotted area of 1 mm
fabrication. LNA-2 and LNA-5 were also not chosen for fabrication as they could not
consistently achieve a pixel gain of 2 V/V in pre-layout simulations of the readout
circuitry. However, any LNA could be fabricated to form the medical imaging readout
solution if desired, as they each provide a respectable pixel gain when substituted for the
ideal amp in the system, as shown in Table 6. Post-layout readout circuit simulations for

LNA-4 and LNA-6 are presented in Figure 18. The post-layout simulation data indicates

that both LNA-4 and LNA-6 are capable of achieving a pixel gain of 2.06 V/V and 2.05



V/V, respectively in MIRS 1. Hence, both LNAs were implemented on the IC for
fabrication. Since area restrictions allowed for only one medical imaging readout
solution on the die, it was decided the readout circuit would use LNA-6 for structures 4
and B, as the 3.3 V transistors added greater breakdown voltage protection. and hence a
more robust readout architecture. Area limitations restricted implementing on-chip
feedback resistors and an on-chip integrating capacitor with the overall circuit solution,
and hence were not included. CMOS transmission gate switches are placed at the input
of the readout solution to decouple the architecture from the C-APS output, if required’.
A CMOS transmission gate also controls the C_RST control signal that resets charge
amplification of the integrator. Inverters were used to save pins on the 1C package and
die, as the switches utilized them to invert the control signal from the NMOS transistor to

the PMOS device in the CMOS pair.

Table 6 Pre-layout Simulations of Medical Imaging Solution 1
Pixel Gain (V/V)
Design AVpix of 100 mV | AVpix of 1V
LNA-1 :

(0.8 V Bias) 2.06 2.12
LNA-2 1.90 2.14
LNA-3

(2.3 V Bias) £ .
LNA-4 2.00 2.11
LNA-S 1.90 2.15
LNA-6 2.00 2.03

*Jan M. Rabaey, Digital Integrated Circuits: A Design Perspective, 2" ed. (New Jersey: Prentice Hall,
2003), 269-284.
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Figure 19 Post-Layout Simulations of the Attenuation Architecture

Chest radiography pre-layout simulations were conducted using the attenuation
design containing the voltage buffer described as structure C, and an R, of 1 MQ. Pre-
layout and post-layout simulations indicate that the linear relationship between input and
output extends for an input sensor voltage change, A Vpix, of 9 V. The post-layout
simulation for the attenuation architecture is displayed in Figure 19. The simulation data
indicates the voltage buffer in the architecture provides an average gain of 0.70 V/V. The
design translates a A Vpix of 9 V into an output voltage of 1.7 V and as such attenuates
the high exposure inputs to a readout circuit voltage of 0.19 V/V. The attenuation
architecture was fabricated as a standalone structure on the die. However, structures 4
and B were replaced with LNA-4 to simulate the different loading effects of the amplifier

at the pixel output should the structures eventually be combined as one on an IC solution
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at some later time. The average voltage gain for the buffer and attenuation value for the
radiography architecture with LNA-4 in post-layout simulations remains 0.70 and 0.19

V/V, respectively.

6.1.2 PCB Testing and Results
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Figure 20 Layout of PCB Component Side
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Figure 21 PCB/DUT Test Setup

The digital fluoroscopic hardware of MIRS I was constructed on a PCB
comprised of 1C and shelf components. The circuit results from the PCB would serve as
a comparison with results obtained from the 1C solution. The OP497 component from
Analog Devices was used as the op amp for the subtractor, structure 4. in the readout
solution [11]. The IVC102 device from Burr Brown was used as the integrator, structure
B, in the readout architecture [12]. Layout considerations for the PCB included shielding
the digital traces around the integrator with ground traces. The discrete components were
placed close to each other to reduce the length of connecting traces as much as possible.
Capacitors at the signal and power inputs were also used to improve the output response.

The layout of the PCB component side is shown in Figure 20. Noise sources were
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eliminated systematically from the board to improve test results and achieve the best
possible resolution from the PCB version of the readout circuitry. Low noise metal film
resistors replaced thick film surface mount chip resistors to improve circuit performance.
Also, DC gelcap batteries replaced the variable DC power supply in the design to reduce
circuit noise. The required input voltage sources were obtained by dividing down the
power source with low noise resistors arranged as dividers. An optocoupler was also
used to reduce noise from the digital C_RST input signal provided by the waveform
generator. The PCB was tested in a faraday cage to shield the tests from external

electromagnetic interference (EMI). The test setup for the PCB is shown in Figure 21.

PCB MIRS I Waveform
: Generator
Voltage R, I
Source & 5 Tcaps : Optocoupler
Divider I % - i, CRST .......................
)2 Iy + A 1
Vol Cro ® :
oltage § R 11
Source & g 1 ¢ o
Adjustable | : | S :
Divider <

--------------------------------------------------------------------------------------

Oscilloscope

Figure 22 Test Strategy for the PCB Version of MIRS 1
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Figure 23 Transient Response of Vour.r

A battery acting as the voltage source generated a reduced voltage input through a
divider, which then passed through an on-board attenuator to produce the input currents
Ic.aps and Ig.cs for MIRS 1, as shown in Figure 22.  The voltage output of MIRS I was
observed on an oscilloscope. Tests were conducted on the readout solution at frequencies
comparable with the readout speeds required for digital fluoroscopy: 1, 5, 10, and 20
KHz. The tests were repeated twice for different integrating capacitances, Cgp, of 10 and
100 pF. For each frequency, Ic.aps was left fixed while Ig.cs was varied by tuning the
adjustable voltage divider that provides the current source. Ig.cs was adjusted to cancel
out Icaps allowing for no integration at the output signal. Igcs was then adjusted in
increments to allow for both positive and negative integration, while the output voltage
and output voltage variation were simultaneously recorded. It is the output noise voltage
variation, Vour.nm, that was used to determine the minimum C-APS output current
achievable for MIRS 1, as illustrated in Figure 23. The lower the output noise margin of
the readout circuit, the lower the Ic.aps current will be needed to discern the pertinent
output voltage. The minimum C-APS output current was determined from the following
equation:

_ Vour-me X Crs
C=APS(min) =

1 , where 7, =

AL
-

N | —

tINT
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Results from hardware testing indicate the minimum achievable C-APS output
current that can be discerned at the digital fluoroscopic output from medical imaging
readout solution I, is 1.74 nA. The results of hardware testing MIRS I are summarized in
Table 7. This resolution was obtained at 1 KHz and with an integrating capacitor of 100
pF. This is not a desired result as the circuitry must be able to handle 5 KHz or better,
since that is the typical readout speed that a large area flat panel array will require of the
design to process X-ray inputs. Furthermore, as the design will ultimately be required to
be implemented on an IC solution, the large integrating capacitance of 100 pF will take a
considerable amount of area if implemented on a die. Lastly, the best possible C-APS
output current obtained from hardware testing is still significantly more than 1 nA. The
aspiration of the architecture would have been to integrate C-APS currents lower than 1
nA. As it is low dose X-rays that produce small currents at the output of the C-APS, a
lower dosage would pose less harm to a patient when examined with fluoroscopic
equipment. Therefore, the best readout architecture should be able to detect and process
the smallest possible C-APS output current possible. The amount of current at the input
of the readout design is limited by the noise introduced by the noise present in the C-APS
itself, and from the readout circuitry. As the goal is to develop an enhanced readout
solution for a C-APS approach, the attention has been to reduce the noise originating
from the circuitry. Although the results of the PCB version of the readout design were
not promising, the IC solution may provide better results, as traces can be shielded better

and made smaller on a die than a board.
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Table 7 Resolution Achievable by PCB Version of Medical Imaging Selution 1

C-APS Output Current Resolution (nA) per
Frequency of C_RST Signal
\iceratne | yKHz | SKHz | 10KHz | 20 KHz
apacitor
10 pF 15.2 28.0 30.0 26.6
100 pF 1.74 4.88 7.20 11.4

Hardware testing of the design has also shown that the SNR performance of the
readout solution is extremely poor when the external current source, Ir.cs. s tuned to zero
out the C-APS output current, [¢_aps, 1n Figure 22, That is, when the two currents were
roughly made equivalent. The SNR of the system improves noticeably as the output
voltage, Vour.r, after integration approaches either the positive or negative supply rail.
The result of these observations suggests that I;.cs should be adjusted to allow some
integration of Vo when no light-sensitive input has been detected. The inherent bias
voltage at the output will then be compared with light-sensitive output voltage responses
to obtain the relevant signal for processing. In this way, small readout output voltages
from low dose inputs will not be compromised by the excessive noise apparent when

Vourr 1s in close proximity to zero.



6.1.3 IC Test Results

R;

Vin
Vour

v

Veias

Figure 24 Inverting Closed-Loop Test Circuit for LNA-6

Preliminary test results of the IC have verified that LNA-6 is operational and
functioning correctly. As this op amp serves as structures 4 and B in the IC version of
MIRS 1, it is believed the readout architecture will also function properly. LNA-6 was
tested with the inverting closed-loop configuration shown in Figure 24. Using feedback
resistors R; = 1 MQ and R, = 15 MQ, an output gain of 15.8 V/V was observed at the
output as compared to the ideal gain of 15 V/V. Using feedback resistors R; = 0.5 MQ
and R; = 1 MQ, an output gain of 2.11 V/V was observed at the output as compared to
the ideal gain of 2 V/V. LNA-4 has not been verified to operate like LNA-6 at this time.
However, the external bias resistor that provides the correct bias current to the first stage
of the op amp was measured to be roughly the same voltage drop as that seen in post-
layout simulations. This was also the case when verifying LNA-6. Moreover, it took
time to place the proper bias on LNA-6 to observe correct operation of the amplifier.

Other verified components on the IC include a standalone 1 MQ resistor that
resembles the resistor used in the attenuation architecture of the readout solution. The

on-chip resistor was measured to be 1.237 MQ from the pins on the IC package.
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6.1.4 Noise Discussion

The largest resistor used in the testing of MIRS I on the PCB was 100 K€, and
that component provides an estimated noise rating of 33.1 pV? at 20 KHz, as determined
by the noise voltage across a resistance given by the following thermal noise equation:

v: = 4kTBR V*/Hz,
where k is the Boltzmann’s constant 1.38 x 10 J/K

T is the Temperature in Kelvin

B is the frequency bandwidth in Hz

and R is the resistance of the device in Q.

With all the resistor components utilized in the test circuit and in the feedback
implementation of the subtractor, the combined resistor noise would still not add up to
the noise generated by the IC op amp components. The OP497 and IVC102 devices are
rated at 15 and 10 nv/YHz at 1 KHz obtained from their published data specifications,
respectively [11, 12]. Metal film resistors with a 1% tolerance rating were used for both
the test circuit and design. Of the two op amps used, OP497 generates the most noise in

the readout circuit.

6.2 Medical Imaging Readout Solution 11
6.2.1 PCB Testing and Results

The digital fluoroscopic hardware of MIRS II was also constructed on a PCB
comprised of IC and shelf components. Successful results from the PCB design of the

readout solution will lead to the eventual IC implementation of the architecture. The

ZVP4105A PMOS transistor from Zetex Inc. and the IVC102 served as the most
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important devices in the readout solution. The IVC102 once again served as the
integrator, structure A4, in the alternative readout architecture. The ZVP4105A served to
direct the DC bypass current from the integrator. The PCB designed for MIRS I was the
same PCB used for MIRS II. Noise sources were similarly eliminated from board testing
with low noise metal film resistors, DC gelcap batteries, placing an optocoupler between
the digital C RST input and the waveform generator, and by using a faraday cage for

EMI shielding.

Waveform

Generator
| |

Optocoupler

]

(=]
Voltage § %.
Source & = 3]
Divider b= i)
< =
(&)
721
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Figure 25 Test Setup for the PCB Version of MIRS 11

The current Ic.aps for MIRS II was generated from a battery voltage source
through a divider and attenuator, as shown in Figure 25. Tests were again conducted on
the readout solution at the following frequencies: 1, 5, 10, and 20 KHz. The tests were
also repeated for the two integrating capacitances, Cgg: 10 and 100 pF. For each
frequency, Ic.aps was left fixed while the gate voltage, Vgias, on Q; was varied until no

integration was observed at the output signal. Vpjas was then adjusted in increments to
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allow for both positive and negative integration, while the output voltage and output
voltage variation were simultaneously recorded. The minimum C-APS output current for
MIRS II was determined identically with the procedure that was used for MIRS 1.

Results from hardware testing indicate the minimum achievable C-APS output
current that can be discerned at the digital fluoroscopic output from MIRS 11, is 0.341 nA.
The results of hardware testing MIRS II are summarized in Table 8. This resolution was
obtained at 1 KHz and with an integrating capacitor of 10 pF. The results are very
promising as the architecture is capable of detecting and integrating C-APS output
currents below 1 nA which was not attainable with MIRS 1. Results also show that the
readout circuitry is capable of resolving currents below 1 nA with a 10 pF integrating
capacitor for the entire frequency range tested. The design can also resolve currents
below 1 nA with a 100 pF integrating capacitor at 5 KHz. Hence, the data suggests
several important outcomes for the readout architecture. Firstly, the architecture can
resolve C-APS outputs signals significantly below 1 nA and at readout speeds required of
X-ray imagers designed with C-APS structures. Secondly, the architecture can achieve
this resolution with a smaller integrating capacitor than that which was seen for the
previous readout solution. Therefore, the integrating capacitor if implemented with the
readout solution on an IC solution will take considerably less area on a die. Furthermore,
as the subtraction method consists of only one single PMOS transistor, as compared to
MIRS 1 that uses an additional op amp with feedback resistors, MIRS 1I is itself a much
smaller solution. Hence, MIRS II surpasses MIRS 1 as the preferred architecture. It is
expected that if MIRS Il is fabricated on an IC that even better test results may be

obtained, since the lower voltage rails supplied to the CMOS components should reduce
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the noise stemming from those devices in the design. The apparent success of the
architecture is due to the minimum amount of extra circuitry needed by the design to
subtract out the unwanted C-APS output current. As a single PMOS transistor will
obviously add less noise to a design. than was seen by the subtractor circuit in MIRS 1 for
example, the amount of readout noise introduced into the system i1s minimized.
Therefore, MIRS 11 can readily resolve and process lower C-APS output currents. A
notable design requirement of MIRS 11 is to bias Q; in Figure 13 such that the necessary
subtraction current will be allowed to flow through the transistor. For hardware tests, the
bias voltage on Q, placed the device in the subthreshold region where the subtraction

current can be made small enough to tune the C-APS output current.

Table 8 Resolution Achievable by PCB Version of Medical Imaging Solution 11
C-APS Output Current Resolution (nA) per
Frequency of C_RST Signal
Integrating | wy, | 5KHz | 10KHz | 20 KHz
Capacitor
10 pF 0.341 0.660 0.768 1.28
100 pF - 0.464 4.96 11.7

Despite the positive results from the architecture during hardware testing, there
are some notable challenges with the PCB version of the system. The most noticeable
problem encountered with the design during hardware testing, was the drift of the
integration curve towards the negative rail. This phenomenon had the affect of changing
the readout output voltage for a given input, set by the external current source, over a
minimum period of 10 mins. The observed drift problem was pronounced for the

hardware test conducted with a 100 pF integrating capacitor at 1 KHz, such that it



prevented obtaining reasonable data in that instance. The cause for the drift in the circuit
is attributed to the ZVP4105A PMOS transistor which 1s rated as having a zero gate
voltage drain current anywhere between 100 nA to 15 pA, and a gate-body leakage
current of 10 nA. Ideally, Q; in the readout circuit should be a low noise, low leakage,
PMOS transistor. As the readout circuit architecture would process signals at speeds
many times faster than a minute, the problem is not deemed serious. Also, when
collecting the data from the scope, the output voltage was periodically adjusted towards
the positive voltage rail to conservatively obtain the resolution measurements in Table 8,
in the presence of the drift problem. Measurements of the system adjusted to the negative
rail have produced even better results than stated in hardware testing, and with an optimal
PMOS component data can be expected to be even more impressive for the architecture.
It is deemed that the results of MIRS II have been so successful that the design warrants
being fabricated on a next generation IC. As LNA-6 is fully operational, it is only a
formality to place an additional PMOS device at the V. terminal and test the architecture.
An additional drawback with this implementation includes providing a stable bias at the
gate of Q) to properly subtract the necessary DC current. Also, the parasitic capacitance
from Q; may affect signal integration. However, the parasitic capacitance is negligible in
comparison to a 10 pF integrator capacitor, for instance. As the source of Q; is connected
to ground in the PCB design, the parasitic capacitance had no affect at all on hardware

tests results.

6.2.2 Noise Discussion

‘MIRS 1I consisted of the IVC102 op amp and the ZVP4105A PMOS transistor.

Since the transistor operates in the subthreshold region it will be modeled for simplicity
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as a resistor with a shot noise component. ZVP4105A was placed in series with a 100 Q
+ 1% metal film resistor for noise testing. The same bias used in hardware testing of
MIRS T was placed at the gate of the transistor. The voltage drop across both series
elements was also the same voltage drop across ZVP4105A during PCB testing. As the
input voltage and the voltage across the 100 Q resistor were both known, the source-to-
drain resistance of ZVP4105A at the subthreshold gate bias was determined to be
approximately 1.39 KQ. This resistance would give a noise rating of 0.46 pV> at 20
KHz. The shot noise through the device is determined by the subsequent equation:
v? = 2¢IBR V*/Hz,

where q is the charge of an electron given as 1.6 x 107 C/e”

I is the average current flowing through the device in A

B is the bandwidth in Hz

and R is the resistance of the device in Q.
The shot noise for the device was estimated to be 77 fV?/Hz for a 20 KHz bandwidth.
The total noise for the transistor is approximately 0.47 pV? for the frequency range of
operation, and is negligible in comparison to noise originating from the IVC102. This

measurement verifies that MIRS 1I has less readout noise than MIRS 1.
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7 Conclusions

Two low noise medical imaging readout solutions were successfully designed to
increase the dynamic capabilities of current-mediated amorphous silicon active pixel
sensors, and to enhance their practicality in diagnostic ‘X-ray imaging applications.
Medical imaging readout solutions I and II permits the functionality of real-time digital
fluoroscopy. Medical imaging readout solution I and the attenuation architecture was
fabricated in CMOS 0.18 um technology and post-layout simulated in Cadence with
SpectreS and HSpiceS models. MIRS 1 and II were also hardware tested on a PCB.

The attenuation circuitry has been shown to enhance the dynamic range of the C-
APS pixels for radiographic applications for a range of 9 V, where digital fluoroscopic
applications can produce no more than 0.8 V of sensor input change from post-layout
simulations.

Medical imaging readout solution II has been shown from hardware testing to be
the better architecture over readout solution I. The architecture provides better signal
processing performance, introduces less noise, and utilizes less area as a readout circuit.
Both digital fluoroscopic hardware readout circuits are able to subtract the superfluous
DC bias current accompanying the input signal before charge amplification during
readout.

Thus far, IC testing has verified that LNA-6 is a fully functional as an op amp.
This op amp is utilized on the on-chip adaptation of MIRS 1, and hence will likely

provide IC test results to compare with the identical PCB circuit.
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MIRS 1II has surpassed expectations as a plausible readout circuit, and will be
fabricated on an IC in a later design. The design has shown in hardware that it is capable
of resolving C-APS output currents up to 0.341 nA, and possibly lower with improved
lower noise hardware.

In summary, a low noise readout architecture has been designed and verified in
hardware to aid in the production of a cost-effective large panel X-ray imager that will

aid medical practitioners and pose less harm to patients.

54



AT Zhge g
Wz apesy
RoE =0

yor

Chrp-san
ViL'4pL=tbA
ORI -A)
£,

[-VN'T Jo dewdys HA) 97 dan31g

n:f t 4 nlr

Nz a9

uy gugmepa WP, 1& T
wy Aspabs w -t | I wipases
ey w22pim _ kT ees wrdBdl, 181wt

Lsin on [Fare RGN

B
i)

1 pLGeapn LS b L
x5y aR. I!nl.lm.._ R ontal
ugelimp v vl wzrlinp
nnfret 1SRN
L. wounz
Eﬂrx._l o609 P27 of - waps Zee1-mop 40 9004 orpmaps Piic0D

o8cien a— gy =g gy oA wet st ¥ [ra——"

s DIERTEC LT ¢ S 08 05~701 UL \ Ll

Y £ 44 L e

SWELaN oz 19 73 ] w2
WA L RLE 5 Pug pig-meps
Py [ e ryr -
wTghy-spy, ikl vl sepii-=m
wnfiey HSTRUR

wepgpy s P LVE Z 275 ¥ Pusg gy - wiypgg— e PO LT3 (T

WATR: - wabk _ 2 __ ? _ w290 —=sbs LA _ A » _ W 0f-- mebs
B b Iz Prgtets) BBt T |
™® "

BV~
L

sl i3

sonewayd§ VN :I xipuaddy

sadIpuaddy

4 Frr

I'8

8

55



serg ynduy A 8°0 18 [-VN'1J0 dBewdyds DD LT N3y

4 e

L Gqﬁl!h _.F iyl =B
1 jI™ wiwmemeba
o

zmnn...nﬂuln_ m - il Al
BN 00 [ (154 NG Oy (1 [ i AL wp!
0 iEmu! wgsa L6IN N, u:-h.hn.ﬂ —E—.n-h -&2
ug (agps
I

S PKO=-Pt
NI

0or ff——————— iy quap RS 000 57084 Ty 2 mapr
iyt _nm|l W'y (Gesbn
wrgli=p v v i Do)
vifrion v lon
£y zmep A..J_J.! ol $0E7 2103
wo'ps [ 114 JEO Y YE-4. ) [ ey Vo~ e P05 000, b7 i 1]
uanntﬂ ﬂﬁ.va, LaBoen BOEA m Pt OCE- nada e PN anyd~wa
1 a4 o G-y AP igemh REA Br=nt -~
wrccsesmrbiis v b ASTELan [raay Y] witR s snlivez ] W"ina
- J—
oty _ _ o
wZgLy —=p - AL Iai-=n
nnfivz e Zun
T - [T LRXa LT LTI procmmee A VT Twp ign-—wns
WrTR = TR, = walon-—sfa ]| I wsige-—ebr
Rl it ] & g VI ==t gz ——a, 1Y [ 27| WY IR)
oo Teien 1) L4 70

.

—— @ P

56



1 i

L2 Y

TR~
9,

nNes ‘l!c‘i

T-VN'T Jo snewayag saygndury a3eig-omL,

87 a.n3iy

N

sipg-aapParonz

b

tal ]

I

| L

L ™

raficysa

LR

i

Py 740
e Al il
gl
4

-]

T NG TYA
114

4§ =

|I||||||"E£

Puzy e

I[™ wevzi-—nsl
R _|m M~

g Ppr

57



€-VN'TJo dneundydg§ 540 67 24n31

4 =
WY PP mER X WE
oy puries e =2
WA T =Pl ) ' ek BilweK Mg wllgl_ rsves=n
[ wyaielin o [enre gL

wisgy-an 80 850 w00 g g i
T3S Lol e
S0 Tl wﬁ... wﬂm g Toh

A T-9 o il oot SEFLLCIN

Eadn-»..ﬂh . § ) bl ¥R070103
Pty I = T wig 6 ol Ly 699 bt poi-e oy s4s i
$ o anls Loa L aterd I
i W...._nu souTa 2N & _ m et L ar-=0f 1 By L
prozemen /3 ) ELCIS T AR Wty L mfiwr Pty A v
Ti—=ods i) —=3ts
4Nl w.a._ mmi WGHT =P
TWLIITT L %)
Ly e —
ser s i gt ke
W et » - [T
J:_é_u.u T | 1 n.«a»_uﬁn [y AT ) ol g roval-=n
amgEe L =] ogee T
. L > & rrr

58



serg nduf A €7 1€ £-VN'TJ0 dBewaydg 4D

0€ 2an3yy

. oA
s gapms o) mape _rb-H
g gl Wi gmatin y_ bm e
L8 - WLAWTH ABE=R ) [} LRV
L ) SRR [LIFT 3] LR RN
e W MR Puk cxd~eph
| {7 s i
o EE ool wise'zepy
S0 EBFL glin
o s [ L—— 4 e a3
_E..mmuuucz. J”a B pmnph NP pc g e 0007~ a0 BUT I gy maps
1 ] ﬁa ] anupu W Wi/ -k e Py
iy ’ L] ge-ah SoSy-=p ot erEn -
e o waTlan PHF+% ] wSaz ol W
1 [ nwi-=am
|23 el wiseT-=n
(3] REERINN
B e —— ]
Y Bnnl-?:mn».\w Foa vis-=om e RN 1992 g pre—=sns
AL P3G —mvEs g i-mebs B B ] T wgaepaeba
Lo s = [T Y. 5 ol el aae—p
LRICT Cpem CHEST TN
4 v

59



P-VN'T J0 dnewoydg sayndury 33e)g-om,

[€ a3y

L
T TZY = y _‘W WEST S
wrsza=eda || [T wze~ata
wrm=n ke ®y Rl e =
am -Endﬁb L2218 L]
(AT h._
wWirn-eB | .
woiep  ulezy LobowA
on [S0°505
3=
m w @ g WORE
[ Tamerre -h.__ r (L2 7] (R e yri---— wIST
Big-mnkn . [ wgie- -
arvee-=1, i@z Tabigan Mpwn aupn W ﬂ,n_ TR~ e uwﬂ € oo
it~ (533 [Gire
m— (o] 5
o )-map TEL e g = wiyig—sap foore 10r38uy 30 mipn
[4eagi wEy 7 =By wirptn—~=abs | 7«7 reg—chs
R ] 1 W) -mp LA | Y. 71 R!n{ Sy~
fee N (B34 Law

L

60



S-VN'T J0 dnewdydg sagndury a3e)g-om,

7€ 2an31y

‘ F Iy
urgLy g Wiy wipaviep
ety wT = W=,
ROR =Pt B =P bt 11}
] snlirse
L 5 S
Wi
Wil T8
N
[ T A wiinz gz | mgh
T Mp ﬂ T | —ostn
- am Y euL U]
wnfied SOTLRIN
A P
991 —=apald ¥ g s g . (1] £
[ e v ] ey 2L
el o] e 5 &

Lot

yoqg— 4

A% | s
49 ~s6Bs
LE - e

&

.

L b id

e
g Tigh-male F
ARV~ =p T
wkfEs

T Fugzap—mn

all veryes
sz

Law

4 r

61



9-VN'T Jo dneuayag syiduy a3e)§-om,

€€ 21n31y

—d <o
gt _.F BLO" L
Sl WB [ siwriam
WA I wFil_ roeein
snfeir L3Rt
M f
Erimae - 1 .
_:n.:un d_-wﬁ. 1abnyes,
(1]
H B omymwe
LIV LITI} T, ot e P10
[ 928 1=t
TrEnTs JHM- amyd e .ll",i ATER i T‘ SAUpI U
- w 4] m I3
——————— 4 %y
cars-—pr fUeorz wygzp- g POLT T Py —epr
o -t Wm L 60—~k
w1 | H Lo =p T T nZHIE-
NI niee -u:
g 7~




8.2 Appendix II: Small Signal AC Analysis of LNA Architectures

8.2.1 CFC

R, Zml1Vesli Rg Zm12Vgsi2

» Tdsii lils » Ldsi2 I —e

BmsVin 1 BusVin
5 l % %VES” Lmis 5 T % %Vgsm i <l % Vout
< - 15
R

Tas5 | Tds9 Tds6 | Tdslo
+ + +

Figure 34 Small Signal Model for an n-Channel Folded-Cascode

The small signal model for an n-Channel Folded Cascode is presented in Figure
34. The ac analysis for this architecture is identical to that of the CFC in Figure 26,
excluding the p-Channel input pair circuitry. The n and p channel differential input pairs
can be considered independently for the CFC small signal analysis in regions I and III,
and those results can be extrapolated to estimate the behavior of the design in region II.

The first step in analyzing the CFC model is to write a KVL equation at the M-

M,¢-Mi; juncture in Figure 34, resulting in a circuit diagram of Figure 35.

N

> )
1B
Y

Tds6

ve O S
-

i

RL /_> gmGVgs6

Figure 35 KVL Equation at M¢-My-M > Juncture



The following equations can then be written:
Vgs() = Vg, 14 =1y
Vs = (1 - :.mbvgs())rds() + 15 Tds7
= (11 - gmo Vs6)Tase T 11-Tds7
=11(Tase T Tds7) - 8me Vs6Tdse

Vs6(1 + Zmelass) = 11(Tase + Tds7)

Ve _ ("4\-6 + rm)
I (1 + gmérds())

1
Ty T I
Consequently, R, = 2l (since is negligible).
1+ g Tt & Emi3
R = T + Ry _ Taso ¥ Emalasialune
1 + gnll2rd.\‘12 l + glerdsl2
_ malusalavie _ R,
g2l a12 Emalas12

(since R, = g,14"wisure )

=r,,, (assuming gmi2 = gmi4 and Tgsi2 = Tysie)

After obtaining the output resistances Ra and Rg, the small signal model of Figure 34 is

redrawn to that of Figure 36, to ultimately give the small signal characterization of the

CFC.

g m5 V n l %
2 rdsSHrds‘)

AVAYA
&

g
£

T érdSGHrdsIO

1i12

l> " éRBzrdsM

Figure 36 Redrawn Small Signal Model of Figure 34
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i _ ngvm (rdx'S H rd.\‘) ) . ngvm
15 = 7 =

2 1 2
+ (rd.\-s Il 7.0 )
mll
v roollr, v 1
ilz = gm; " (zl.\é H L/.\IO) = gmf; " R (Where g,,,:', = g"'())
< RM 3 ~ 1+ 14
+ (’d.v6 Il 74010 . ( )
gmlzrd“z gmll’dxl2 Fiso H rdxlO
= gm(:"m 1 - gmﬁvm (Where k = RM (gdxﬁ + gd.\'IO ))
2 1+ RM(gd\'O +gdx|0) 2 1+ Emialusi2
gm]lrd.vl2

Note that although transistors My and M, are diode connected transistors for the CFC
they will produce approximately the same result in the equations above

Region III (n-channel Differential Input Pair)

— mn __(l17 +115 )R” - [ng 25”’6]()]

l+k
|:ng (2a+?k+)gml :IR/[ (WhCI'C gml = ng — gm6)

2+k
=(2+2k)gmlRll

(gmMrdsMrd.\'l() )H [gml:’rd.\'ll (rd.\‘6 ” Fino )] (rom of the n-channel fOldCd-CaSCOde)

R// =

k= RI4(gd.v6 + gd.\-IO) and R

14 = Emialunialuse
Emialas12

Also, p

dom

2 1
= 1 and GB = s k gml RII = 2 s k g’”l
R, C, 242k R,-C, (2+2k)cC,



Region I (p-channel Differential Input Pair)

v 2+k
: ( k )gml RII (Where cml - gml = ng)
R, = (glaierdlerzi\-IO )H [gmurd\-m ("d.\-z IR )] (rou of the p-channel folded-cascode)

k= RIZ (gdxz + g(j_\-)())

gmalans

and Ry, = g2 s w10

Region 11 (n and p-channel Differential Input Pairs)

v 2+k 2+k,
.'.A PR N R + Zr ,R
vn v (2+2k~ )gmN N (2 _.k )gml

n

(where gmn = gms = Zmé» EmP = Em1 = Em2 )

R (g 6 T 8u )
Ry = (gmlétrd.\'Mrd\-lG )||[gmlzr¢\-12(r4m I 7 g0 ):Is ky = Hed 40 R

19 = mialusialame
Emalan2

Ry (8ug + Zans)
12\8ds2 ¥ Eane _
R, = (gml‘frdxl" Yasi0 )”[gmM d\14 Vaa 1 Vasio )] kp Ry = 8Tl ano

Bl asia

NMOS Source Follower

Vss
Figure 37 NMOS Source Follower with MOS Connected Diode
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The CFC output stage for LNA-1 is an NMOS source follower with an NMOS

connected diode as shown in Figure 37. The small signal model for the source follower

is presented in Figures 38 and 39.

*—o @  J

+ + Vogl - +

Vin T <T§ % Igs] l % Tds2 RL Vout
Em1Vgst Zmbsl Vbs! Zm2Vgs2

¢ —e

Figure 38 NMOS Source Follower with MOS Diode Load

*—e ad
+ + Vegg) - +
. 1 Vout
Vin <T <l> <l> ; Tdsl % g—— ; Tds2 % Rp o
EmiVin Emi1Vout Embs! Vout m2
— —o

Figure 39 Simplified Small Signal Model of the NMOS Source Follower

A nodal equation at the positive output voltage rail of Figure 38 gives the following

gml
gml + gmh.\-l + gm'_’ + GL

expression for the voltage gain, 4 = The remaining

characteristics for the circuit are provided below:
Vour (max) =V, =V, vy, (min} =V

1

gml + gmh.vl + ng + gd.\'l + gd.\'j

R()UT =

8.2.2 Two-Stage Amplifier

Differential PMOS Input Stage
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Vop

Isrc

w

M,

|y

Vour

Vss

Figure 40 PMOS Input Differential Stage

Cs
(gl (32 D1=G3=D3=G4 Tds S=S, Tis2 D,=D, .
Em1Vgsl 2m2Vgs2
Vout
Ci ?,;3— I'ds3 Tdss Tdsa C, ]
¢ -
S; S,
(a) :
(gl %2 D1=G3=D3=G4 D,=D, Jow,,
++ Vid -+ ]31 C3 N
C,
SmiVesll Tdst | Tds3 g,ll:') gm2Vgs2 i3 rag| Tes| ©2
¢ i - SR S—
(b)

Figure 41 Small Signal Model for the Input Differential Pair

The composition of the input stage is presented in Figure 40. The small signal

models for the input stage are shown in Figure 41. The sources of M, and M, can be

68



considered to be at ac ground, assuming both sides of the amplifier are perfectly matched
simplifying Figure 41 (a) to Figure 41 (b). With the output shorted to ac ground, the

current at the output can be expressed as,

gml gm} (rzl.\‘l H rd.\} )
ot = 1 ( )v;:.\‘l - gm'_’vg.\"_? = gm]vg.\'] - ngvg.\‘?. = gmdv:d Where gml = gml = g/lld :
+ gm3 rd.\'l ” rd,\’]

The voltage gain can then be expressed as the product of gm¢ and Rg, where

Rour -2 , giving A, =g, R,,. The other characteristics of the input
()“N + A )1 5

differential stage are provided below:

1

W_ap =~——
-3dB
ROUT CL

V

pp I/SDS(.\'(H) -

V.

e VDD -

V.

SDS(sat) —

14

562> Yictminy =

Vie(max) = Vs = Vim

1
SR = C—S, P = (VDD +IVSS|IIS )= (VDD + |VSS,I]3 +1, )
L

Cascode inverters are known to have an advantage over inverting amplifiers.
They provide a higher output impedance and reduce the effect of Miller capacitance on
the input amplifier, providing a larger gain with improved frequency performance. For
this reason, LNA-5 employed PMOS cascode devices in the differential input stage
between the PMOS input and NMOS load pairs in order to obtain the same performance

improvement.
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Current-Source Inverter

Vop
*—eo °
+ +
M,
Vee Vi l % % Vout
T Il)‘ ) V 60T n Tdsi Ids2
‘ISS Emi1Vin

Vin .——IE M, °
v

Vss

Figure 42 Current-Source Inverter Circuit and Small Signal Model

The circuit and small signal model of the current-source inverter is provided in
Figure 42. Small signal analysis produces the following expressions, including the

voltage gain for the circuit.

19 ] —

1

-1 oc 1 R =
(Aw) Vo, T 1, +4)

A ~ —gml = 21<NVV]
‘ 8uaa t 8y L1,

19—

B V 2 7 IV 2| 2
Vourmao = Vows Vourmm = (VDD Y Ll L (ﬁ_ H
i b~V

PMOS Source Follower
The voltage gain and output resistance expressions for the PMOS source follower

are identical to the NMOS source follower for the CFC.

gml 1
4, = G Ryur =
gm] + gmh.\'l + ng + i gml + gmh.\'l + gml + gd.\'l + gd.\'l

Your (.max) = V/)[) . Your (rnln) = V,/,l
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8.3 Appendix III: LNA Design Calculations

Design values were calculated as a guideline to determine the aspect ratios for the
transistors, to ensure that the slew rate would be reached, and to obtain 1nitial
performance estimates. Model parameters for 0.8 pum CMOS technology obtained from
Table 3.1-2 of Allan and Holberg [10], and equations obtained from the small signal AC
analysis of the LNA structures in Appendix II, were used for the calculations. Design
values were later altered during simulation to optimize for gain, noise, and stability. A
slew rate of 100 V/ us and a capacitive load of 1 pF was intended as a conservative target
for each op amp in order to obtain the desired minimum requirement of 10 V/us and 2

pF, respectively.

8.3.1 CFC

Preliminary design calculations for the CFC low-noise amplifiers were obtained
following a similar design approach as the folded-cascode op amp described in Table 6.5-

3 of Allan and Holberg [10].

Slew Rate
I, =SR-C, =(100 V/ps)(1 pF) = 100 pA. Similarly, I3 = 100pA.

Therefore, the bias currents and independent current source is thus

determined to be 100 pA.

Bias Currents

lo=1,0=1.215to 1.5 15 (To avoid zero current in the cascodes).

Hence, the target currents for the cascode branches are,

To=T1p=1.25 (100 pA) = 125 pA.
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Max. Output Voltage
()i (1) (2), (2), - (2], -(2)
L 10 K}’I/SzDIO , L 9 L 10 L 12 K}’V\'ZI)IZ ﬂ L 1 L 12 .

V[)l) - V()l/T(min) _ 33 - 28 = O ")5 \Y

VSI)IO(.\'al) = V.\'Dl'.’(.vurj = 2 A

Therefore, the aspect ratios are,

W W W W 2(125u4)

(7)9 ) (T),O ) (7),, ) (—L—)lz " GowdrviYoasvy 50

Note Vouymax) Was chosen conservatively for purposes of the calculation to

be 2.8 V.
Min. Output Voltage
(z) i (2, (2 (i (2), (0
L 14 K}‘VV;SM’ L 13 L 14 L 16 K}'VV;SW’ L 15 L 16

e Vour min _|VSS| _ 05-0 _ 0.25 V

DS16(sar) = 5

VDSM(.\'m) =

Therefore, the aspect ratios are,

w W w w 2(125u4) >
=00.

(7)13 =(—L—)M =(T)15 =(7),6 " Q1opt/ v Y025V )

Note Voumin) Was chosen conservatively for purposes of the calculation to

be 0.5 V.

NMOS Input Pair

GB = % Given the target of GB = 100 MHz, the aspect ratios for the

L

NMOS input pair are.



=36.

W\ s _GB-Ci _[(n)i00MH:)F (pF )
L)b_K;VL K1, (10ud/ ¥ J100w4)

Min. Input CM (NMOS)

AN 21,
) z

K,V

mmin)

-'n

2(100ud) 15

N o 00wt .1
Qroma/v {o.s 0 \/%OM/VZT%) 0.7J

Note Viymin) Was chosen conservatively for purposes of the calculation to

be 0.5 V.

Max. Input CM (NMOS)
2],

z),-(7),-
L 9 L 10 K}’(VDD—I/In(max)-*-VTlT

) 2(125u4) _
Gows/v? J3.3-2.8+0.7)

w
Therefore, (—L-) and (-VE) are large enough to satisfy the maximum
9 10

input common-mode voltage for the NMOS input pair. Note Vipmax) Was

chosen conservatively for purposes of the calculation to be 2.8 V.

Power Dissipation
P= (VDD-Vss)(I7+Il5+II6) = (33V)(100}1A+125}1A+125}1A) =12 mW.

The estimated power for the circuit is 1.2 mW with the above design

currents and power supply.



PMOS Input Pair

GB = %”i- Given the target of GB = 100 MHz, the aspect ratios for the

L

PMOS input pair are,

Wy (WY _ g _GBCP_[Cnfioomt: FApF) o
73 V3 R S v v T

Min. Input CM (PMOS)

Z).- =
I ; | 7 2
KI’[Vm(min) _VSS - E_j:gT —VT]:‘
) 2(100u4) ™
) 100 uA
0ud/V3)0.5-0- -0.7
(0wt { ((10ua/v2 J80) }

Note Viyminy Was chosen conservatively for purposes of the calculation to

be 0.5 V.

Max. Input CM (PMOS)

2,7, e
L is L 16 K;v (VDD - Vm(max) + VTI )
2(125u4)

T Q0w 5.3-28+07F
w w : :
Therefore, (—) and (—) are large enough to satisfy the maximum
15 16

input common-mode voltage for the PMOS input pair. Note Viymax) Was

chosen conservatively for purposes of the calculation to be 2.8 V.
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The gain and frequency for the operating regions were approximated. The values
were determined using the small-signal model parameter equations of Table 3.3-1, the 0.8
um CMOS technology parameters from Table 3.1-2. and the folded-cascode equations
from Section 6.5 obtained from Allan and Holberg, as was verified in the CFC small

signal ac analysis section [10].

' ., W
8. =4/2K IDTH g4 =Al,

(%);(K)m’(%)”’ and (%)lz; g, =260/ v J12514)80) = 1.00 mA/V

g, =0.05v" Yi25p4)= 625 pA/V

) (2] = ) - TR
g, = 0.04r 7 J12504)= 5.00 pA/V

W W .

(-L—) and (7) ; g, =2010u4/ 1% J5014)36) = 0.629 mA/V
g, = 0.04v " Y50p4)=2.00 pA/V

W W 2 .

(-L—) and (f) ; g, =260p4/1* J50u4)80) = 0.632 mA/V

g, =005V J50u4)=2.50 pA/V

NMOS Active (Region III)

1 1 .
Riy =& p1iFusl s = (O.995mA/V(5.OO“A/V )(S.OOMA/V) =39.8 MQ
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R, =g alual s | [gmllrdxl;’ ("41.\-6 | 710 )]

1 1 1
= (39.8MQ)|| |(1.00mA/V I =13.0 MQ
6.25ud/V | 2.00ud/V " 625ud/V
2 4 2
k=R, (€0 * Zao) _ (39‘8MQ)(_.OOMA/P +6._5;1_A/V) =205
glerdle (IOOmA/V
6.25ud/V
8mi = gms = 0.629 mA/V
Voltage Gain
2 2
d, =t (22K R [ 2EED NG 620ma v Yi3.0MQ)= 5440 VIV
v, \2+2k 2+2(2.05)
Frequency Response
1 1
= - ~76.7KHz
Poul = o ¢ = @3.0MQ i pF)
PMOS Active (Region I)
Ry =gl sial o = (1.00mA |V 1 ! =25.6 MQ
? ozt 6.25ud/V )\ 6.25u4/V
Ry = &maruarlsao | [gmurdvu(rd.\-z | 7416 )]
= (25.6MQ)|| | (0.995mA/V ! 1 I 1 =13.0 MQ

5.00ud/V | 2.50ud/V " 5.00ud/V

k=R, (Bus +8un) _ (25.6MQ}(2~50M/V +5.00ud/V)
g/l:l4rtl.t14 (0995mA/V{

- 0.965
5.00#/1/1/)

gm] = gm] = 0632 II’lA/V

Voltage Gain

,. 2 +0.965
o, =t (2R g [ 2E0985 Vo omd v Yi3.0MQ)=6210 VIV
v\ 242k 2+2(0.965)

n
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Frequency Response

1 1

= = = 76.7KH
R,C,, (3.0MQ)1pF) ’

P

ol

NMOS and PMOS Active (Region II)

2+k 2+k,
- Avn = v“”’ = ( b - )glllN RN + (_+——l_—)glnl’Rl’ = 1 1’600 V/V

v 242k, 2+ 2k,

n

Output Stage
Vourmax)=V,, -V, =33-07=2.6V, v, (min)=V, =0

Sensible ratios for the transistors and an estimated current of 200 pA in the source

follower give,

W) Z100 and (%) -10.
L) L/,

(%) g, = 201024/ 77 20024 Y100) = 2.10 mA/V

g, = (0.0av " J200u4)=8.00 pA/V

(%) 2, =20104/V2 2004 )10) = 0.663 mA/V

g, = (0.047 " J200u4) = 8.00 pA/V

1 1

Ry = =
gml + gmh.\'] + gmz + gdvl + gd.\2 gml + gmz + gd.\'l + gdx’.’
1 A
= = 3609
2.10mA/V +0.663mA/V +8.00ud/V +8.00ud/V
A‘, gml o g/nl _ 210mA/V = 0760

TG 48 +8.+G, g +g, 210mAIV +0.663mA/V
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Therefore, the output voltage gain at 1.65 V input bias is estimated to be 78.9 dB
from the design calculations. The device geometry changed during simulation of the
design to achieve the desired gain. noise, and stability performance figures required of
the medical imaging application. Compromises in gain and slew rate were needed to

attain the necessary low noise and stability design attributes.

8.3.2 Two-Stage Amplifier

Preliminary design calculations were obtained targeting a slew rate of 100 V/us, a
®.3¢g of 500 KHz, and 1 mW of power with an estimated capacitive load of 1 pF and a
gain of 250. The methodology for designing the two-stage amplifier utilizes the design
procedures and equations for a differential amplifier in Table 5.2-1 and the two-stage
amplifier in Table 6.3-1, as well as the current-source inverter, obtained from Allan and

Holberg [10].

Slew Rate
I, =SR-C, =(100 V/ps)(1 pF) = 100 pA and hence I5s > 100 pA.

Power Dissipation

P =(VppHVss))Is5). 1 mW = (3.3 V + 0)(Is) and hence Is <303 pA.
Therefore, the bias current and independent current source is chosen to be
200 pA. which is the approximate average of the currents calculated from

the above slew rate and power constraints.

Frequency Response

W_s5

1 1
- . Hence. 27 (500KHz= )= ————— . giving
RyurC, Ry (1 PF>
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2
ROUT =318 KQ. R()HT =-—————. Hence. 318KQ2 =

Ly + 2, ), (0.01+0.05) "

indicating Is > 105 pA. Therefore, the bias current and independent

current source of 200 pA will satisfy the frequency response requirement.

Voltage Gain of Input Differential Stage

2K,1, (K)
gml L !

8us2 T 8usa ) (k/’ + Ay )]D

\/2(SOM/V2 Iloom(%)

(0.05+0.01)1004)

(5]

Max. Input CM (PMOS)

4, =g, Ry =

250 =

Vieman = Voo = Vpsisary = Ve and |Vsm' = |Vs01| - |Vr||

2.3=3_3-I 2Qo0u4) | | 2000m4)
oo 7). [feonr 1)
(%) -7.03~8

Note Vinmax) Was chosen conservatively for purposes of the calculation to

be 2.8 V.

Min. Input CM (PMOS)
= I/,

NG 3

vlc(mm) - V/'I'l
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0.5 | 2000u1) -o.m.-.(ﬁ) =(%) -1.26=2

\l(llOuA/VZ{%)

3

Note Viymin) Was chosen conservatively for purposes of the calculation to

be 0.5 V.

Inverter Stage

For the inverter stage, gms and g7 refer to gmi and gy, respectively, in the

current-source inverter of Figure 42.

C. =(0.22), =0.22(1pF )= 022pF =02pF

1pF )=2.31mA/V
2pF

- 22\/2(110;LA/V21100;IAX2{

(z> =(E’_) (&m)=2 2.307mA/V 920
L) \L)i\&ns J2010ua/v7 Jroowa \2)|

I g2 (2.307mA/V o 110mA

6 2K;(L) “ 200/ v 22)”

WY LW _110mA e,
L), I\L), 200ud

In order to place the null zero on top of the second pole,

R - 1 (€ +C) (C.+C, 1
: gm6 C(‘ C(' ,)K W
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2

_ 0.2+1 1 =600 Q
02 J2.31mAlV

Zue = 0,04V J1.10mA)= 44.0 pA/V

gur = 0,057 J1.10ma)=55.0 pA/V

g oo 8w =231mdlV
U Qe *Qur  A4uAlV +55u41V

=-233 V/V

Output Stage

Vour(max) =V, =33V, v, (min)=V,, =07V

Sensible ratios for the transistors and an estimated current of 200 pA in

the source follower would be,

-IK =100 and Z =10.
L/ L/,

Si; g, =+260ua/V? J200u4)100) = 1.41 mA/V

g, = (0.057 7" J200u4)=10.0 pA/V

Sp; g, =+260u4/77J2004)10) = 0.447 mA/V

g = (0.057 7 J200u4)=10.0 pA/v

1 1
R()(/T = =
gml + gmb.\'l + g1n2 + gd\l + gd.\'Z gml + gm2 + gdi\l + gd.\~2
1
1.41mA/V +0.447mA/V +10.0uAd/V +10.0ud/V
4 v
A‘_ . gml - gml _ 1 1mA = 0760 V/V

B gml +gmhxl + g/nl +Gl‘ ) gml + ng ) 141mA/V+0447mA/V
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Therefore. the output voltage gain at 1.65 V input bias is estimated to be 72.9 dB
from the design calculations. The device geometry for the two-stage amplifier was also
changed during simulation of the design to optimize for gain, noise, and stability
performance figures required in the medical imaging application. Compromises in gain
and slew rate were needed to aftain the necessary low noise and stability design

attributes.

8.3.3 Voltage Buffer

The voltage buffer for structure C of the medical imaging solution is the same
architecture as the output stage for a two-stage amplifier with equivalent preliminary

design calculations.
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