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Abstract 

This thesis presents the design and implementation of a current-mode computational 

CMOS image sensor that performs video image compression based on the CRVDC 

(conditional replenishment video data compression) algorithm. With such on-chip 

pre-processing, a compression ratio of 10:1 can be achieved without significant signal 

degradation. Our research focuses on designing the basic building blocks. As the image 

sensor works in the current-mode, the building blocks will be current mirrors and current 

comparators. Several kinds of current mirrors have been analyzed in details and an 

improved regulated cascode current mirror was chosen. Through simulations and 

prototyping, we demonstrated that this current mirror is capable of achieving a resolution 

of 11 bits at 200MHz. To implement the CRVDC algorithm, it was necessary to design 



 iv

an accurate and fast current comparator. Two novel CMOS current comparators were 

proposed and analyzed and the results were compared to conventional CMOS current 

comparators. Simulations and measurements demonstrated that the new CMOS current 

comparators had better performance both in terms of the propagation delay and power 

dissipation.  

For the CMOS image sensor, a photodiode-type active pixel transducer was used to 

convert incident light to photocurrent. The characterization and modeling of the 

transducer were presented and detailed analyses on the performance was obtained from 

chips fabricated using the standard 0.18μm CMOS process technology. Since the 

electrical characteristics of the active devices in the pixel sensor chip can generate large 

fixed pattern noise (FPN), a current-mode FPN suppression circuit was designed and 

adopted. Based on the test results obtained from a fabricated prototype chip, a FPN 

suppression rate of 0.35% was achieved. An on-chip analog to digital converter (ADC) 

was necessary to implement digital interface and a current-mode pipeline ADC with 8 bit 

resolution was proposed. Simulation results demonstrated that the ADC was monotonic 

and possessed an integral nonlinearity (INL) of ±0.45 LSB and a differential nonlinearity 

(DNL) of ±0.43 LSB. Our results suggested that the overall design can more than 

adequately meet the system specifications of the computational CMOS image sensor and 

potentially can be used as a front-end processing block in other image processing 

applications such as in motion detection and in image segmentation for a dynamic 

environment. 
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Chapter 1 

Introduction and Thesis Outline 

1.1 Introduction 

The use of video as a medium for personal communication, machine vision, guidance, 

navigation, deep space, planetary spacecraft, … is growing with the increasing 

availability of network bandwidth and video compression technology. The initial 

determinant factor on image quality is the image sensor in the video camera.  In 

addition, integration of the image sensor with circuitry for both driving the image 

sensor and performing on-chip signal processing is becoming increasingly important. 

For applications where power consumption is of concern, the power consumed by the 

image sensor itself can be significant. This problem becomes especially critical for 

performing image processing tasks on large format images. It is desirable to 

manufacture the image sensor with low cost, low power and excellent imaging 

quality. 

The two main silicon-based image sensor technologies are the charge-coupled devices 

(CCDs) and the CMOS (Complementary Metal Oxide Semiconductor) image sensors 

(CISs). Up until the mid-1990s, CCDs had been the dominant technology in the 

imaging world, while traditional ICs are fabricated primarily with the CMOS 

technology. Since then, however, there has been a growing interest in the 

development of the CMOS image sensors. This is because of the superior advantages 

offered by the CMOS technology such as low power, random accessibility, system 

integration on a single die and low production cost which are essential in many 

applications. Accordingly, CMOS image sensors have gained potential in applications 
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where integrated functionalities are advantageous, such as in security, biometrics, and 

industrial applications [1-3]. 

1.2 Motivation 

Signal compression has been of great importance in the development of image sensing 

systems [4-6] where the captured ‘raw’ data are pre-processed before they are sent to 

a computer via communication channels for further processing. This results in data 

reduction which allows for sending the data at lower rates thereby reducing the 

development of computational-load bottleneck.  

For video signals transmitted over a given communication channel, it is interesting to 

determine the required bandwidth.  Assuming a screen that displays an image of N × 

N pixels F frames per second, the expected transmission frequency should be: 

F/2NF(N/2)N 2 ⋅=⋅⋅  

For a transmission rate of 25 frames per second and 625 lines per screen as in the 

normal TV broadcasting system, the base bandwidth of the video signal is around 

5MHz (this bandwidth only presents a black and white image).  Similarly, for the 

image sensor, there is a wide bandwidth to read out the image data from the individual 

sensor. The bandwidth to transfer data from the image sensor is a fundamental 

limitation for high pixel rate imaging. 

In 1969, F.W. Mounts presented a method for encoding television signals which took 

advantage of frame-to-frame correlation to reduce the transmission bandwidth [7]. 

This method was named the CRVDC (conditional replenishment video data 

compression) algorithm. He found that when using video-telephone-like signals with 

moderate motion in the scene, on the average, less than one-tenth of the elements 

change between two continuous frames by an amount which exceeds 1 percent of the 
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peak signal. So, only those elements that change significantly between successive 

frames are transferred instead of transmitting every element in every frame. This 

conditional replenishment algorithm can achieve a 10:1 compression ratio without 

significant signal degradation [8]. Such a discovery is particularly useful for pictures 

encountered in visual communication systems.  

 

Figure 1. 1 A conditional replenishment transmitter terminal [7] 

Figure 1.1 shows the operations performed by a transmitter. In this transmitter, the 

video signal from the camera is band-limited, sampled and digitized into eight-bit 

PCM (pulse-code modulation). A selector switch is provided which either conveys 

new information to the input of the reference frame memory when a significant 

difference is detected, or alternatively recirculates the information stored in the frame 

memory. The frame memory consists of delay lines and has a sufficient capacity to 

store one complete frame of video information. New data from the camera are 

compared with the reference data stored in the frame memory by the subtractor circuit 
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which yields the absolute difference between the new incoming information and the 

reference data corresponding to the same picture element. During each sample period, 

the control logic makes a decision, depending upon the magnitude of the absolute 

signal difference as to whether a significant absolute difference exists. If the absolute 

difference is significant, the output of the control logic operates a selector switch to 

strobe the new signal data into the frame memory. If the absolute difference is 

insignificant, the signal data stored in the frame memory is re-circulated.  In addition 

to replenishing the frame memory with the new information, the control logic also 

stores the new signal data and their address in the buffer. The data stored in the buffer 

can then be read out at a constant rate, in sequence, that is: first-in, first-out. 

In order to have the average replenishment rate compatible with the channel capacity, 

the threshold change is varied as a function of the amount of information stored in the 

buffer. As the subject becomes less active, causing fewer elements to be stored in the 

buffer, the threshold value is decreased permitting less significant changes to be 

updated. As the subject becomes more active, causing an increased number of 

samples to be stored in the buffer, the threshold is increased permitting only more 

significant changes to be replenished. Due to the increase of the value of the threshold 

for significant change, smaller changes in the pictures are discarded and cannot be 

reproduced, so that all picture elements are not represented with the same threshold. 

This may cause the pictures to overlap as shown in Figure 1.2 [8], but the problem can 

be recovered after a few frames. Generally speaking, recovery finishes in a short time 

when the compression rate is around 10:1. This algorithm was originally proposed in 

the early days of digital compression. In 1997, K. Aizawa, H. Ohno, et al, utilized this 

algorithm in the analog domain to be implemented on an image sensor array [8,9]. 
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Figure 1. 2 The first five frames after the scene change in the case of 100:15 (top) and 100:5 
(bottom) compression ratio. (It is noticed that the reconstruction recovers after a few frames) 

[8] 

The new scheme of the conditional replenishment is illustrated in Figure 1.3. Current 

pixel signals are compared to those of the last replenished frame stored in the memory. 

When the magnitude of the absolute difference is greater than the threshold, the 

values and addresses of the pixels are extracted and coded. This algorithm is 

somewhat simple, but it can achieve a 10:1 compression ratio without significant 

signal degradation [9]. 

Nowadays, the voltage-mode signal processing is the most popular technology for 

image sensors.  In contrast with the voltage-mode signal processing, we employ the 

current-mode signal processing technique to implement our design. The current-mode 

technique uses current to represent the signals in the electronic circuits and 

current-mode signal processing in CMOS technology has received much greater 

attention in recent years. This is because current-mode signal processing has many 

advantages over the conventional voltage-mode signal processing [1]. 
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Figure 1. 3 The analog conditional replenishment algorithm [8] 

Firstly, because of the non-linear relationship between current and voltage in the 

CMOS transistors, a small change in the input controlling voltage results in a much 

larger change in the output current. Thus, for a fixed power supply, the dynamic range 

of the current-mode signals should be much larger than that of voltage-mode signals.  

Even if the power supply voltage is low, one can usually achieve the required 

dynamic range.  Hence the power consumption of the chip is reduced.  This 

naturally satisfies the requirements of having low supply voltage and low power 

consumption in the chip design. 

Secondly, current-mode circuits are much faster than voltage-mode circuits.  In a 

given circuit, parasitic capacitance will always exists.  Such capacitance must be 

charged or discharged when the voltage level changes. In the current-mode circuit, a 

change in the current level through a node is not necessarily accompanied by a change 

in the voltage level at that node.  Hence, parasitic capacitance would not degrade the 

peak operating speed. 

Thirdly, current-mode circuits can be implemented with digital circuits in the same 

chip using the standard digital CMOS process. This reduces the overall chip cost. 

Finally, in many applications, the output signals from the detectors and/or transducers 

(such as the CMOS image sensors) are inherently currents. Using the current-mode 

technique can simplify the circuit design and hence reduces the layout complexity. 
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Based on the above merits, we can come to the conclusion that it is indeed 

advantageous to design our computational video image processing chip using the 

CMOS current-mode technology.  

1.3 Research Objectives 

The main building blocks of our video image compression chip include the image 

transducer and its readout circuit, the current mirror, the current comparator, the fixed 

pattern noise (FPN) suppression circuit (for use in the CMOS active pixel sensor) and 

the on-chip analog-to-digital converter (ADC). In addition, auxiliary and control 

circuits, such as the current reference circuit, the fixed ratio controller circuit, the 

voltage-current converter circuit and the control logic and address encoder/decoder 

circuits are required. 

This thesis focuses on the design and implementation of the building blocks in the 

current-mode video image compression chip.  In addition, we concentrate not only 

on their analyses but also the optimization in their performance. 

The main contributions of this thesis are the following:  

i. The design of the current-mode CMOS image compression chip at the system 

level; 

ii. The detailed analysis on the regulated cascode current mirror and the proposal of 

an improved current mirror with “proven” performance; 

iii. The design, simulations and performance evaluation of a new CMOS current 

comparators used in the implementation of the CRVDC algorithm; 

iv. The characterization and modeling a CMOS linear active pixel sensor; 

v. The design and verification of the performance of a FPN suppression circuit and 

the associated sample-and-hold circuit;  
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vi. The demonstration of the design of an analog-to-digital converter (ADC). 

1.4 Thesis Outline 

The chapters of this thesis are organized in the following manner: 

In Chapter 2, we present a brief description of the current-mode image compression 

chip. Then, we describe in details the configuration of the single pixel sensor, the 

implementation of the CRVDC algorithm and the timing control of the circuits. Issues 

involved in the design of the CMOS image sensor are highlighted.  Finally we 

present the system design specifications of the image sensor array.  

In Chapter 3, we propose design alternatives of the current mirror (CM).  Since 

current mirrors are the most frequently used circuit blocks in our design, their 

performance determines the overall quality of the entire imaging system.  Firstly, we 

present the basic characteristics of the simple current mirror, then the cascode current 

mirror and finally the regulated cascode current mirror.  We then discuss the design 

of the improved regulated cascode current mirror.  This will be followed by some 

simulation results and measurements. By comparing simulations and measurements 

for a few different designs, we come to the conclusion that our proposed new 

regulated cascode current mirror has the best performance and satisfies our design 

specifications.  

In Chapter 4, we present the analysis, simulations and measurements of our CMOS 

current comparators. We first discuss three different CMOS current comparator 

designs previously reported in the literature and compare their propagation delays 

with simulation results on two new CMOS current comparator designs we propose.  

We then present detailed measurements on the performance of the new CMOS current 

comparators and compare them with simulations. Our test results demonstrate that the 
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new CMOS current comparators indeed have the acceptable performance.  To finish 

off, we present in a discussion how further improvements can be achieved in future 

designs. 

Chapter 5 is devoted to the designs, simulations and measurements of a) the CMOS 

active pixel sensor, b) the fixed pattern noise (FPN) suppression circuit and c) the 

sample-and-hold circuit. We first present the characterization and modeling of a 

CMOS compatible photodiode used in the design of CMOS active pixel sensors. This 

is followed by its detailed analyses and a comparison on the performance between 

simulations and measurement results obtained from several chips fabricated using the 

standard 0.18μm CMOS technology. Then, we describe a novel and somewhat 

straightforward circuit technique to reduce the fixed pattern noise (FPN) in the image 

sensor array. After some discussions on the possible noise sources and their 

contributions in the active pixel sensor, we then describe in some details the 

implementation technique and measurement results based on the actual design.  

Finally, we discuss the operation of the sample-and-hold circuit and its performance 

based on simulations and measurements. 

In Chapter 6, we present the design of the analog-to-digital converter (ADC) used in 

the CMOS image sensor. Based on the simulation results on 1-bit cell of the ADC and 

the whole 8-bit ADC, we will demonstrate that the expected performance of the ADC 

subsystem can meet the design specifications. 

Chapter 7 summarizes our research work and discusses the conclusions drawn based 

on the test results. Recommendations on how to improve the performance of the 

proposed current-mode CMOS image compression chip are given and we present our 

vision for future work.  
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Last but not least, we summarize in Appendix A the design rules in the submicron 

CMOS technology used in chip fabrication and the overall layout techniques. We also 

highlight in Appendix B the construction of the measurement setups used in the 

testing of the circuits to be reported in Chapter 3, 4 and 5. 
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Chapter 2 

System Architecture 

2.1 Introduction 

This chapter describes the architecture of the CMOS image sensor array we have 

designed and Figure 2.1 shows the block diagram.  The data flow is relatively simple 

as the pixels are addressed one row at a time using the Row Address Decoder (RAD).  

The outputs are digitized using the column parallel analog-to-digital converter (ADC) 

controlled by the Column Address Decoder (CAD).  The timing and control block 

supplies the clock waveforms and the triggers. The overall design is to be 

implemented using the Taiwan Semiconductor Manufacturing Company Limited 

(TSMC) 0.18μm CMOS foundry technology provided by the Canadian 

Microelectronics Corporation (CMC). 

 

Figure 2. 1 CMOS image sensor block diagram 

During image sensing, photocurrents generated in the transducers are processed in the 

pixel sensor (see the enlarged box in Figure 2.1) using operations such as: 1) 
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sample-and-hold; 2) fixed pattern noise (FPN) suppression; and 3) pixel-level 

comparison. The purpose is to implement the “CRVDC algorithm” which requires the 

determination of the absolute values of the current differences and to compare them to 

values stored in the memory cells.  In the following, we will discuss the operation of 

the individual pixel sensor and then review the system requirements and 

specifications.  

 

Figure 2. 2 Block diagram of a single pixel sensor [10] 

2.2 The Pixel Sensor 

The block diagram of a single pixel sensor is shown in Figure 2.2 and Figure 2.3 

shows the circuit schematic.  In Figure 2.2, the pixel transducer is a photodiode 

which senses the intensity of the incoming light and converts it into a photocurrent.  

During data capture, the photocurrent is first duplicated by current mirrors (1) and (2) 

which are connected to the fixed pattern noise (FPN) suppression circuit.  The latter 

removes any fixed pattern noise associated with the pixel. Current mirror (3) in the 

figure is the memory cell storing the photocurrent recorded in the past frame. After 

FPN suppression, the output together with the current in current mirror (3) are sent to 
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the current comparator to obtain the absolute (value of the) difference (this is a step 

necessary to implement the “CRVDC algorithm”).  The output of the current 

comparator generates a flag signal Vflag when the absolute (value of the) difference 

between Isig (current from the FPN suppression circuit) and Imem (current in the 

memory cell) exceeds a preset threshold Ith. The flag signal Vflag is sampled and saved 

in a positive-edge D-type flip-flop with asserted low reset. The output of this flip-flop 

controls the clock generator to generate the waveforms needed to initiate readout as 

well as to replenish the memory cell with Isig. Since the current output from the FPN 

suppression circuit is determined by the incoming light intensity, it can have a low 

value of a few nano amperes. When this current is directly sent to the current 

comparator, the parasitic capacitors in the circuits need a long time to charge or 

discharge to a given output voltage, which forms the flag signal.  To overcome this 

problem, we add a base current Ibias1 to the output from the FPN suppression circuit as 

well as to Imem.  The combined currents (Isig + Ibias1) and (Imem + Ibias1) can be made 

sufficiently large to ensure that the circuits will respond quickly. The base current 

Ibias1 will eventually cancel out in the current comparator except for the first picture 

frame when Imem = 0 A.  

The implementation of the “CRVDC algorithm” works in the following manner. The 

P-type adaptive bias cascode current mirror CM1 generates 2 output currents I1p and 

I2p (see Figure 2.3) from the memory cell (= Imem) and the N-type adaptive bias 

cascode current mirror CM2 also generates 2 output currents I1n and I2n from the 

photocurrent (= Isig).   
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Figure 2. 3 Schematic diagram of the single pixel sensor[10] 

Assuming CM1, CM2, CM3, CM4, and CM5 are “ideal” current mirrors, we have:  

I1p = I2p = Imem, I1n = I2n = Isig, I2 = I4 and I1 = I3 = I5
                        (2.1) 
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In addition, when Imem ≥ Isig, I2 = I2p – I2n = Imem – Isig and I1 = 0. 

Similarly, when Imem ≤ Isig, I1 = I1n – I1p = Isig – Imem and I2 = 0. 

Thus, the absolute (value of the) difference between Isig and Imem is: 

Iabs ,diff  = I3 + I4 = I1 + I2 = | Isig – Imem |                            (2.2) 

If Isig = Imem, Iabs,diff  will be essentially zero and as mentioned before the current 

comparator may take a long time to respond. In this case, we again add a bias current 

Ibias2 to Iabs,diff 
 and send the combined current Is

 (= Iabs,diff  + Ibias2) to the current 

comparator to compare with the preset threshold current Ith. If |Iabs,diff  + Ibias| ≥ Ith, the 

comparator will flag a logical HIGH  (Vflag = 1.8V).  If |Iabs,diff  + Ibias| < Ith, the 

comparator will flag a logical LOW  (Vflag = 0V).   

In this design, timing control is also an important issue in the implementation of the 

“CRVDC algorithm”. Figure 2.4 shows the timing diagram of the single pixel sensor 

during one frame period. The frame period is set to 1 ms (1ms corresponds to 1000 

frames/s).  A few different kinds of driving pulses are given to the single pixel 

sensor.  

During operation, the photodiode is in reset at the Reset phase and the reset signal is 

sampled by current mirror (2) during the Reset_Signal_Select phase. After half a 

micro-second, the reset signal held in current mirror (2) is transferred to current 

mirror (1) during the Signal_Select phase. The integration time for the photodiode is 

set to 0.7 ms. After the integration time, the photocurrent signal is sampled and stored 

in current mirror (2). The difference between the data held in current mirror (1) and 

the data held in current mirror (2) forms the readout current and FPN is now 

suppressed.  
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Figure 2. 4 Timing diagram of the single pixel sensor (one frame) 

After the signal has been processed by the FPN suppression circuit, the algorithm 

implementation circuit proceeds to carry out the comparison during the 

Comparison_Clock phase. The current comparator creates a flag signal Vflag, and this 

flag signal is sampled by a D-type flip-flop connected to the current comparator at the 
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rising-edge of the Flag_Sample clock. The D-type flip-flop outputs the flag_save 

signal Vflag_save and it will be kept constant until the next frame begins (the D-type 

flip-flop is reset by the pulse Reset). Vflag_save is now used to determine if the 

Replenish_Memory pulse and the Pixel_Select pulse need to be created.  When 

Vflag_save is at the logical HIGH, the Replenish_Memory pulse and the Pixel_Select 

pulse are created by using logic AND gates, the signal is read out during the 

Pixel_Select phase and current mirror (3) (a memory cell) will be replenished with Isig 

during the Replenish_Memory phase. When Vflag_save is at logical LOW, the 

Replenish_Memory pulse and the Pixel_Select pulse will not be generated, and the 

circuit will not change, i.e., neither replenishes the memory cell nor outputs the signal.  

2.3 Design Specifications 

In the last section, we discussed the operation of the pixel sensor. Now, we will 

discuss the design issues, system requirements and specifications. 

2.3.1 Design Issues 

According to our discussions in Chapter 1, the CMOS computational image sensor 

chip will operate in the following manner: 

1) This pixel sensor should be able to compress the video images on the sensor plane 

using the “CRVDC algorithm”; 

2) This chip should operate at a capture rate higher than 1,000 frames per second 

using a 10:1 compression ratio; 

3) There should be 8 bits resolution using a single 1.8 V power suppply (in order to 

lower power consumption). 

Before we commence with the design, we need to consider other design issues such as: 

a) the fill factor of the chip; b) the power consumption rate; c) the chip area; d) the 
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processing speed; e) signal uniformity in the response, f) the dark current; and g) 

cross-talk. 

· Chip Fill Factor: Since the pixel sensors are laid out in the imaging plane, circuit 

density plays an important role. In general, circuit density is inversely proportional to 

the chip fill factor which is related to the sensitivity of the photodiode.  As far as 

possible, it is important to choose simpler processing elements with acceptable 

accuracy. Using a smaller feature size will increase transistor count significantly as 

illustrated in Figure 2.5.  

 

Figure 2. 5 Number of transistors per pixel as a function of process technology in CMOS 
imagers based on [11] 

Figure 2.6 shows the relationship between the fill factor and the number of transistors 

in a pixel, which predicts the number of transistors to be used with a reasonable fill 

factor in a given process. As transistor size decreases, there will be more chip space 

available to put in addition circuitry. This enhances the process capability. 
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Figure 2. 6 Fill factor for different number of transistors in a pixel for different process 
technology estimated from Figure 2.5 

· Power Consumption: Power consumption in the processing elements is directly 

related to the peak frequency.  Normally, the total power consumption is given by: 

Power ∝ (Capacitance*frequency)α * M * N      (2.3) 

where α is between 1.5 ~ 2, M is the number of rows and N is the number of columns.  

It should be noted that Eqn. 2.3 is based on circuitry and not including the image 

acquisition area.  Typically power consumption associated with the image 

acquisition step is proportional to (the number of pixels)α *(the number of columns)α. 

As the array size increases the total power consumption will increase drastically.  

· Design Area: Total chip area is important because it is closely related to the 

fabrication cost.  Because the processing elements in the pixel sensor are relatively 

small, processing time can be long and unless there are fewer processing elements, the 

photosensitive area related to the transducers will be dramatically lowered.  

· Speed dependency: The processing speed of the image sensor chip is limited by 

the slowest circuitry in the data path resulting in what is known as “bottleneck”. In 

most cases, the output amplifiers are the slowest circuits because of the use of large 
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output loads. Within the pixel sensor, column and frame memory circuits can also 

have long processing time compared to the expected data output rate, thus introducing 

additional “bottleneck”.  

· Uniformity: As the processing elements are spaced all over the image sensor 

array, process and structural deviations can be important design concern. As 

technology scales down to smaller feature size, process uniformity is expected to 

improve due to effects such as the reduction of the body effect coefficient [12]. 

· Dark Current and Crosstalk: Similar to process and structural non-uniformity, 

dark current and crosstalk will be large in our image sensor chip. These errors 

however can be minimized by carefully adding to our design guard rings; the use of 

separate power supplies; and more advanced processes that limit the dark current. 

2.3.2 Specifications 

As we can see in Figure 2.3, the main building blocks in the image sensor chip are the 

transducers, the current mirrors, the current comparators and the FPN suppression 

circuits. Auxiliary control circuits, such as current reference circuits, fixed ratio 

controllers, voltage-current converter, control logic and address encoders/decoders are 

also needed.  Of these circuits, we primarily focused on the design of the more 

critical circuit blocks. In the subsequent chapters, we will describe in details the 

design steps and how well they meet the specifications.  

Transducers (Active Pixel Sensors) 

Linear active pixel sensors (L-APS) are used in our design. L-APS has many 

advantages such as linear transfer characteristics; large output swing; and a fairly 

good optical dynamic range (~ 70 - 80 dB) which can be controlled by the integration 

time. It is also less sensitive to device mismatch (at least up to the sample-and-hold 
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stage).  One reason for this is because the integration time depends on the input 

capacitance of the transducer which ought to possess fewer mismatch compared to the 

mismatch present in other physical parameters in the circuitry. The main drawbacks of 

the L-APS circuit have been the presence of fixed pattern noise (FPN) and the low fill 

factor. In our design, we aim to design the L-APS with an 80 dB dynamic range.  

Current Mirrors 

Since our pixel sensor works in the current mode, current mirrors are the most 

important circuit blocks in the pixel sensors.  In designing the current mirrors, the 

most important features are resolution and speed.  Our specifications require that our 

design should achieve 10 bits resolution and an operating speed of 200 MHz.  

Current Comparators 

To implement the “CRVDC algorithm”, it is important that the current comparators 

function effectively. As in the case of the current mirrors, we require an operating 

speed up to 100MHz.  

Fixed Pattern Noise (FPN) Suppression Circuit  

One of the main drawbacks in using the L-APS is its sensitivity to fixed pattern noise 

(FPN) which is caused by the mismatch between individual pixels or columns of the 

active devices in the image transducer. Therefore we need FPN suppression circuits to 

increase signal accuracy.  In our design, the goal is to achieve a FPN suppression 

rate of 0.5%.  
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Chapter 3 

Current Mirrors 

3.1 Introduction 

Current-mode analog signal processors using CMOS technology have received great 

interest in recent years. Using a processor-based approach, small area and low-power 

analog circuits can be designed and built. Furthermore, CMOS analog processor can 

also at times benefit from the use of digital technology where low supply voltages are 

readily available. One basic building block of the current-mode circuits is the current 

mirror. Its function is to replicate accurately an input current. As will be shown in the 

later chapters, current mirror is a useful building block for designing circuits with 

more complicated functions. Most of the time, a current mirror is designed to give 

high output impedance and an output relatively free from noise. Very simple current 

mirrors can be designed using a few transistors even though complex ones [13] 

usually having higher current resolution and speed. Current mirrors are found in 

amplifiers, comparators, regulated current sources, etc.  In very complex circuits, 

simple current mirrors are also used to minimize transistors count.  In this chapter, 

we examine and report the design of several high-resolution current mirrors.  

3.2 The Basic Current Mirror 

The ideal “two-transistor” current mirror shown in Figure 3.1 consists of matched 

transistors M1 and M2. M1 is diode-connected and it is used to define the 

gate-to-source voltage of M2.  This produces an output current Iout identical to the 
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input current Iin.  Normally, M1 and M2 operate in saturation and the gate-to-source 

voltage VGS of M1 is related to the input reference current Iref in the following manner: 
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Similarly, Iout is related to VGS as: 
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where oxsn Cμβ =  ( sμ  is the carrier mobility in the conducting channel; and oxC  is 

the oxide capacitance per unit area); VDSM1 and VDSM2 are the respective 

drain-to-source voltage of M1 and M2; W1/L1 and W2/L2 are the respective aspect 

ratios of M1 and M2; VTH is the threshold voltage; and λ1 and λ2 are the respective 

channel-length modulation factors of M1 and M2. 

 

Figure 3. 1 A schematic of the “two-transistor” NMOS current mirror 

If M1 and M2 are identical, sμ , oxC  and VTH of M1 and M2 will have similar values. 

Neglecting the channel-length modulation effect (i.e., λ1 = λ2 = 0), one can write: 
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Assuming M1 and M2 have same dimensions, Iout will be the exact replicate of Iref.  

The output resistance ro in this case is assumed to be infinite.   

For non-zero λ, the output resistance has the form: 

                2
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          (3.4) 

Physically, λ increases inversely with the channel length. Eqn.(3.4) therefore suggests 

that Iout depends on the channel length which in turn depends on VDS. The effect is 

more acute in the case of a small size transistor as the fractional change in the channel 

length will be more significant. To minimize the channel-length modulation effect, 

cascode transistors are used.  Figure 3.2 shows a cascode current mirror. By adding 

the active loads M3 and M4 to the circuit, the output resistance will increase. The 

output resistance of the cascode current mirror becomes:  
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Eqn.(3.5) suggests that ro will be increased by a factor of gm4rds4 in the case of the 

cascode current mirror. 

 

Figure 3. 2 A schematic of the cascode current mirror 
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3.3 The Regulated Cascode Current Mirror  

With the advent of sub-micron CMOS technology, it has been a tremendous challenge 

to design current mirrors which minimize higher order effects, such as the 

channel-length modulation effect, the substrate bias effects and problems associated 

with a low voltage supply.  Further improvement in the design of the current mirror 

also requires the use of feedback.  Amongst the different design proposed, it is well 

established that the regulated cascode current mirror [14, 15, 16, and 17] is capable of 

minimizing the channel-length modulation effect.  Figure 3.3a shows a conventional 

regulated cascode current mirror. This circuit may be analyzed using a half-circuit 

model shown in Figure 3.3b. As observed, the output current Iout is controlled by the 

gate voltage of M1 as well as the terminal voltage VDS1
'.  VDS1

' is regulated by the 

transistor pair M2
' and M3

'. The latter provides feedback to keep VDS1’ essentially 

constant, which in turn minimizes the channel-length modulation effect.  The 

feedback loop works as follows: 

We have VGS3
’ = VDS1

’, VDS3
’ = VGS2

’ + VDS1
’ = VGS2

’ + VGS1
’, when VDS1

’ decreases, 

VGS3
’
 decreases. 

Since I’ = constant and we assume M3
’ to be in saturation,  
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As a result, VDS3
’ has to increase.  

Since VDS3
’ = VGS2

’ + VDS1
’
, VGS2

’ will increase.  Thus, the output current Iout increases. 

Since VGS1
’ is not changing,  
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and VDS1
’
 will increase. Therefore, VDS1 is stabilized. 
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Assuming M2' and M3' operate in saturation, the gain of the feedback loop (consisting 

of M2
’ and M3

’) G is given by: 

3322 MMMM rgrgG =          (3.8) 

The output resistance Rout of the current mirror now becomes: 

33221 MMMMMout rgrgrR =         (3.9) 

 

 

Figure 3. 3 Conventional regulated cascode current mirror and the half-circuit model 

where gM2, gM3 are the respective transconductances of M2
' and M3

'; rM1, rM2 and rM3 

are the respective output resistances of M1
'
, M2

' and M3
'.  The values are: 
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Substituting Eqn.(3.10), (3.11), (3.13) and (3.14) into Eqn.(3.8) and Eqn.(3.10), (3.11), 

(3.12), (3.13) and (3.14) into Eqn.(3.9) gives the loop gain G and output resistance 

Rout. They are given by: 
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where oxsCμβ = ; W2/L2 and W3/L3 are the respective aspect ratios of M2
' and M3

'; 

and λ1, λ2, and λ3 are the respective channel-length modulation factors of M1
', M2

' and 

M3
'. 

From Eqn.(3.15) and (3.16), we see that the loop gain G and output resistance Rout 

will increase with the increase of the aspect ratios of M2' and M3' and a decrease of the 

bias current I'. In order to obtain higher loop gain and output resistance, we need to 

select large aspect ratios for M2' and M3' and a small bias current I'.  

Furthermore, if we define the percent error as the absolute value of (Iin – Iout)/ 

Iin*100%, we have the input and output current of the regulated cascode current 

mirror given by: 
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The percent error can be estimated using the following equation: 
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where outin III −=Δ , '11 THMTHMTH VVV −=Δ , '11 GSMGSMGS VVV −=Δ , 

'11 DSMDSMDS VVV −=Δ , '11 MM λλλ −=Δ , '11 MM WWW −=Δ , '11 MM LLL −=Δ , 

'11 MoxMoxox CCC −=Δ , and '11 MM μμμ −=Δ . 

We will use Eqn.(3.19) to analyze the simulation and measurement results of the 

regulated cascode current mirror in next section.  

3.4 An “Improved” Regulated Cascode Current Mirror 

Most CMOS current mirrors are designed with the transistors operating in saturation 

(i.e., VGS ≥ VTH + nkT/q) [18 – 21]. More recently, a few high output resistance MOS 

current mirrors designed to operate in weak inversion have been reported [22 – 24].  

For instance, in the regulated cascode current mirror mentioned earlier, we have found 

that the roles of transistors M3 and M3' (see Figure 3.3) are primarily for feedback and 

do not directly affect the value of the output current. It is therefore quite possible to 

bias M3 and M3’ in weak inversion to lower the drain-to-source voltage across M1 and 

M1
’. According to Eqn.(3.1), this will have the effect of reducing the difference 

between Iin and Iout.  In this section, we will examine an “improved” regulated 

cascode current mirror which has its feedback transistors operating in weak inversion. 
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Figure 3.4 shows the circuit configuration of the current mirror.  As shown, 

transistors M4 and M4' have been added to increase the loop gain and the output 

resistance.  M4 and M4' are designed to operate in weak inversion. 

For transistors working in weak inversion, 
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where κ is a constant between 0.6 and 0.8, UT is the thermal voltage (= 26mV at room 

temperature) and I0 is a process-dependant constant.  For n-type MOSFETs,  
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Typical values of I0n range from 10-15A and 10-12A. 

We can rearrange the terms and rewrite the expression for the drain current as: 
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Notice that when exp(-VDS/UT)<<1, the last term is approximately equal to one and 

can be ignored. This occurs (to within 2%) for VDS > 4UT, since e-4 ≅ 0.018.  The 

expression for the drain current then simplifies to:  
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At room temperature, 4UT  ≅ 100mV.  It is quite easy to keep a weakly inverted 

MOSFET in saturation, and the VDS required to do so does not depend on VGS as is the 

case of an strongly inverted MOSFET. 
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Figure 3. 4 The “improved” regulated cascode current mirror 

With the symmetry in the above circuit, we once again analyze the circuit using a 

half-circuit model. Since M3' and M4' are in weak inversion (VDSM3', VDSM4' > 4kT/q ≈ 

100mV), the transconductances gM3, gM4 and the output impedances rM3 and rM4 are 

given by: 
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where UT is the thermal voltage (≈ 0.026V), κ is the slope factor which usually has a 

value between 0.6 and 0.8 and λ3' and λ4' are the channel-length modulation factors of 

M3' and M4' operating in weak inversion.  

The loop gain G and the output resistance Rout are given by: 
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When a transistor operates in weak inversion, the drain-to-source current will change 

exponentially with the characteristic voltage (~ UT). The maximum drain-to-source 

current is attained when VDS = 4UT and this will be the optimal conditions expected 

from an ideal dc current source.  This also implies that the channel-length 

modulation factor λ is close to zero and differs from the case of strong inversion when 

the transistor output characteristics can be seriously degraded by the channel-length 

modulation effect (particularly in the case of a short-channel device). As an example, 

λ is ~ 0.1 if the channel length is reduced to 0.2μm in an NMOS transistor. 

Comparing Eqn.(3.24), (3.25) with Eqn.(3.15) and (3.16), it can be shown that the 

loop gain G and the output resistance Rout of the “improved” regulated cascode current 

mirror are substantially higher and the channel-length modulation effect is reduced. 

To demonstrate the above effects, we show in Figure 3.5 the percent error of the 

“improved” regulated cascade current mirror determined by simulations using the 

SpectreS simulator and the 0.18 μm TSMC 1P6M CMOS process. The current range 

is between 1μA and 300μA and the transistor dimensions are listed in Table 3.1 and 

Table 3.2. Also shown in the same figure are the simulated results obtained from the 

conventional regulated cascode current mirror.  Note that the bias current is 1μA in 

the case of the conventional regulated cascade current mirror whereas it is 10nA in the 
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case of the “improved” regulated cascode current mirror. This is necessary to ensure 

that transistors M3, M3', M4 and M4' are in weak inversion.  As observed in Figure 

3.5, the match between Iin and Iout is substantially better in the case of the “improved” 

regulated cascade current mirror. The worst-case resolution found in the conventional 

regulated cascode current mirror is approximately 10 bits (with improvements at the 

extremes of the current range) while the worst-case resolution of the “improved” 

regulated cascode current mirror is 12 bits. This demonstrates that at least in 

simulations the “improved” regulated cascade current mirror is capable of achieving 

higher bit-resolution. 

Table 3. 1 Transistor dimensions for the conventional regulated cascode current mirror 
(I = I' = 1μA) 

Transistors M1 M1
' M2 M2

' M3 M3
' 

Width(μm) 1 1 2 2 1 1 
Length(μm) 0.5 0.5 0.5 0.5 0.5 0.5 

Table 3. 2 Transistor dimensions for the “improved” regulated cascode current mirror (I 
= I' = 10nA) 

Transistors M1 M1
' M2 M2

' M3 M3
' M4 M4

' 
Width(μm) 2 2 2 2 3 3 0.5 0.5 
Length(μm) 0.2 0.2 0.2 0.2 0.2 0.2 0.5 0.5 
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Figure 3. 5 Simulated percent error between input and output currents of the conventional 
regulated cascode PMOS current mirror and the “improved” regulated cascode PMOS current 

mirror 

 

Figure 3. 6 Simulated drain-to-source voltages in M1 and M1' of the conventional regulated 
cascode PMOS current mirror 
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Figure 3. 7 Simulated drain-to-source voltages in M1 and M1' of the “improved” regulated 
cascode PMOS current mirror 

Figure 3.6 shows the values of the simulated drain-to-source voltage of M1 and M1' in 

the conventional regulated cascode current mirror. Since the loop gain G is not very 

large, the difference between VDSM1 and VDSM1' is ~ 0.2mV and the voltage range 

exceeds 7mV. For the “improved” regulated cascode current mirror shown in Figure 

3.7, there are much smaller differences between VDSM1 and VDSM1' throughout the 

entire current range (< 0.04 mV) and the voltage range hardly exceeds 2mV. These 

are clear signs that the channel-length modulation effect may indeed be under control 

in the case of the “improved” regulated cascade current mirror. 

3.5 Measurement Results 

In the previous sections we examined the performance of the CMOS current mirrors 

using simulations. To allow for a more detailed evaluation, we fabricated a few of the 

circuits through the Canadian Microelectronics Corporation (CMC).  The current 

mirrors were all designed using the TSMC standard 0.18µm, single poly, six metal, 
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salicide CMOS process and the detailed layout, fabrication and test procedures are 

given in the Appendix. In this section, we report the test results. The measurements 

include the following parameters, namely, the percent error/bit-resolution, the 

response time and the power dissipation. Whenever available, the measurement 

results are also compared with the simulations.  

3.5.1 The Simple Cascode Current Mirror 

The first current mirror fabricated is a simple PMOS cascode current mirror. The 

circuit schematic of this current mirror is shown in Figure 3.8. The transistor 

dimensions are listed in Table 3.3 and Figure 3.9 shows the layout schematic. In this 

design the transistors chosen are unit-size transistors with an inter-digitated finger 

structure to improve area matching. The simulation and measurement results on the 

percent errors over a current range of 1μA and 100μA are shown in Figure 3.10.  As 

observed, the simulated resolution is ~ 8 bits, while the measured results have a 

resolution of ~ 6 bits. In both sets of data, the worst resolutions are found in the lower 

current range (i.e., between 1μA and 10μA). One potential reason for the inferior 

results can be associated with the larger fluctuations in VDS and VTH at low currents. 

For an input current range between 10μA and 100μA, the simulated and measured 

resolutions match each other fairly closely (with a measured resolution of better than 

8 bits).  Nevertheless, the performance is less than adequate for our work. 

Table 3. 3 Transistor dimensions for the PMOS cascade current mirror 

Transistors M1 M1
' M2 M2

' 
Width(μm) 2 2 2 2 
Length(μm) 0.2 0.2 0.2 0.2 
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Figure 3. 8 A schematic of the PMOS cascode current mirror 

 

Figure 3. 9 The layout schematic of the PMOS cascode current mirror 
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Figure 3. 10 Simulated and measured percent errors between input current and the output 
current of the cascode PMOS current mirror.  The input current varies between 1μA and 

100μA 

3.5.2 The “Improved” Regulated Cascode Current Mirror 

We next fabricated the “improved” regulated cascode current mirror using both 

NMOS transistors and PMOS transistors. For the PMOS current mirror, we have used 

two different circuits to implement the bias current source. In this section, the PMOS 

regulated cascade current mirror will first be measured and analyzed. This will be 

followed by the NMOS regulated cascade current mirror. 

3.5.2-A “Improved” PMOS Regulated Cascode Mirror – Design #1 

Figure 3.11 shows the schematic of the “improved” PMOS regulated cascode current 

mirror with one of the two biasing current sources. The transistor dimensions are 

listed in Table 3.4 and the layout schematic is given in Figure 3.12. As before, in the 

layout we used unit-size transistors with an inter-digitated finger structure to improve 

area matching. The simulation and measurement results are shown in Figure 3.13. As 

can be seen from the figure, the simulated resolutions have improved and are now 12 

bits throughout the entire input current range between 1μA and 300μA while the 
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measured resolution is 9 bits. Taking a closer look at Figure 3.13, we can see that the 

measured resolutions are in fact quite good and they match closely the simulated 

resolutions up to 11 bits in the narrower input current range from 20μA to 200μA.  

This is also reflected in the smaller differences in the drain-to-source voltage between 

M3 and M3' (both in simulations and measurements) shown in Figure 3.14 and in 

Figure 3.15. The best resolution is observed when the difference between VDSM3 and 

VDSM3' is small, which agrees with the hypothesis that the performance of the current 

mirror is closely correlated with the difference in drain-to-source voltages of M3 and 

M3'.  Before we move on, it is important to point out that measured drain-to-source 

voltages of M3 and M3
’ behave quite different from what one expects.  Instead of 

increasing with the input current, VDS3 actually decreases. This may be associated with 

the difference in the dynamics of the transistors operating in weak inversion or some 

unknown effect whereby the gate-to-source voltages of VGS1 and VGS1
’ are affected. 

 

 

Figure 3. 11 A schematic of the “improved” regulated cascode PMOS current mirror – Design 
#1 
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Table 3. 4 Transistor dimensions of the “improved” PMOS regulated cascade current 
mirror – Design #1 

Transistors M1, M1
' M2, M2

' M3, M3
' M4, M4

' Mb1 Mb2 Mb3, Mb4

Width(μm) 0.5 2 4 4 0.5 2 0.5 

Length(μm) 0.5 0.2 0.2 0.2 5 0.2 5 
 

 

Figure 3. 12 Layout schematic of the “improved” regulated cascode PMOS current mirror - 
Design #1 
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Figure 3. 13 Simulated and measured percent errors in the input and the output currents for 
the “improved” regulated cascode PMOS current mirror – design #1 

 

Figure 3. 14 Simulated drain-to-source voltages for M3 and M3' of the “improved” regulated 
cascode PMOS current mirror – Design #1 
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Figure 3. 15 Measured drain-to-source voltages for M3 and M3' of the “improved” regulated 
cascode PMOS current mirror – Design #1 

As observed, the performance of the “improved” PMOS current mirror is still not 

good enough when the input current is small. 

Since the bias current is 10nA, the transistors in the current source are expected to 

operate in weak inversion.  The bias current are: 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
=

T

DSMb

T

SMbGMb

Mb

Mb
obias U

V
exp

U
VV

exp
L
W

II 333

3

3 1
κ

              (3.26) 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
=

T

DSMb

T

SMbGMb

Mb

Mb
obias U

V
exp

U
VV

exp
L
W

II 444

4

4' 1
κ

             (3.27) 

where Io is the saturation current (it is a process dependant constant), WMb3/LMb3 and 

WMb4/LMb4 are the aspect ratios of  Mb3 and Mb4, UT is the thermal voltage (≈ 0.026V) 

and κ is the slope factor which is usually between 0.6 and 0.8. When the input current 

is small and VDSMb3, VDSMb4 < 4UT, any difference between VDSMb3 and VDSMb4 will 

cause Ibias to differ from Ibias’ thereby generating a difference between VDSM3 and 

VDSM4.  The overall result will be a decrease in the bit resolutions at the output. 

When the input current increases, and VDSMb3 and VDSMb4 are greater than 4UT, Ibias 

and Ibias’ become: 
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Ibias and Ibias’ will be same when there is little or no mismatch between Mb3 and Mb4 

(i.e., WMb3 = WMb4 and LMb3 = LMb4). 

3.5.2-B “Improved’ PMOS Regulated Cascode Mirror - Design #2 

An alternative biasing current source has been used in the “improved” PMOS 

regulated cascode current mirror.  Figure 3.16 shows the circuit configuration. The 

transistor dimensions are listed in Table 3.5 and the layout schematic is shown in 

Figure 3.17. The simulated and measured results on bit-resolution are shown in Figure 

3.18. As we can see from the figure, the simulated resolutions are 12 bits and the 

measured resolutions are 9 bits throughout the entire input current range between 1μA 

and 300μA. Even though this new biasing current source has not increased the 

bit-resolution in the entire input current range, the bit-resolution has improved at the 

low input current. From Figure 3.18, we have found that the bit-resolution has 

increased to 11 bits in the current range from 1μA to 200μA, which is better than 

what has been measured in Design #1. By applying an external voltage to control the 

biasing current source, we can adjust this voltage to reduce the differences between 

Ibias and Ibias’ thus minimizing the differences between VDSM3 and VDSM3’. This appears 

to have further improved the performance of the current mirror at low input current. 

Figures 3.19 and 3.20 show the simulated and measured drain-to-source voltage 

differences between M3 and M3'.  
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Table 3. 5 Transistor dimensions for the “improved” PMOS regulated cascade current 
mirror – Design #2 

Transistors M1 M1
' M2 M2

' M3 M3
' M4 M4

' Mb 

Width(μm) 0.5 0.5 2 2 4 4 4 4 0.5 

Length(μm) 0.5 0.5 0.2 0.2 0.2 0.2 0.2 0.2 0.5 

 

Figure 3. 16 A circuit schematic of the “improved” regulated cascode PMOS current mirror – 
Design #2 

 

Figure 3. 17 Layout schematic of the “improved” regulated cascode PMOS current mirror - 
Design #2 
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Figure 3. 18 Simulated and measured percent error between input and output currents of the 
“improved” regulated cascode PMOS current mirror – Design #2 

 

Figure 3. 19 Simulated drain-to-source voltages of M3 and M3' in the “improved” regulated 
cascode PMOS current mirror – Design #2 
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Figure 3. 20 Measured drain-to-source voltages of M3 and M3' in the “improved” regulated 
cascode PMOS current mirror 

3.5.2-C “Improved” NMOS Regulated Cascode Current Mirror  

 

Figure 3. 21 A circuit schematic of the “improved” regulated cascode NMOS current mirror 
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Figure 3. 22 Layout Schematic of the “improved” regulated cascode NMOS current mirror 

From the results in the previous two sections, we have observed that the 

bit-resolutions are better in the “improved” regulated cascade PMOS current mirror - 

Design #2.  We have therefore chosen a similar biasing current source for the 

“improved” regulated cascode NMOS current mirror. Figure 3.21 shows the circuit 

schematic of the current mirror and the biasing current source. The transistor 

dimensions are listed in Table 3.6 and the layout schematic is shown in Figure 3.22. 

The simulated and measured bit-resolutions are shown in Figure 3.23 and Figure 3.24, 

respectively.  We notice that the input current range of this “improved” NMOS 

regulated cascode current mirror can be extended to a much larger current (500μA) 

while maintaining a resolution of 15 bits throughout the input current range from 1μA 

to 500μA. The measured bit-resolutions however have been much lower for some 

unforeseen reasons (~ 8 bits). Figures 3.25 and 3.26 show the simulated and measured 

drain-to-source voltage differences between M1 and M1'. From the figures, we have 

found that the differences between VDSM1 and VDSM1’ through simulations is much less 
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than the difference observed in measurements.  This leads us to believe that some 

major changes have occurred in operating the NMOS devices in weak inversion. 

Table 3. 6 Transistor sizes for the improved NMOS regulated cascade current mirror 

Transistors M1 M1
' M2 M2

' M3 M3
' M4 M4

' Mb 

Width(μm) 0.5 0.5 2 2 4 4 4 4 0.5 

Length(μm) 0.5 0.5 0.2 0.2 0.2 0.2 0.2 0.2 0.5 

 

Figure 3. 23 Simulated percent errors between input and output currents of the “improved” 
regulated cascode NMOS current mirror 

 

Figure 3. 24 Measured percent errors between input and output currents of the “improved” 
regulated cascode NMOS current mirror 
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Figure 3. 25 Simulated drain-to-source voltages of M1 and M1' in the “improved” regulated 
cascode NMOS current mirror 

 

Figure 3. 26 Measured drain-to-source voltages of M1 and M1' in the “improved” regulated 
cascode NMOS current mirror 
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3.5.3 Transient Response  

In the last section, we presented the design and testing of the current mirrors. In the 

following, the simulation and measurement results on the response speed will be 

considered. 

 

Figure 3. 27 Equivalent small-signal model of current mirror for transient response analyses 

To analyze the transient response of the “improved” regulated cascode current mirror 

(NMOS current mirror in Figure 3.21), we can use the model shown in Figure 3.27 

(assuming M1 works in saturation). In the figure, Cg represents the total gate 

capacitance of M1. As is well known, the drain-to-source current Ids of M1 is 

determined by:  

( )2
1

1

2 thgsds VV
L
WI −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=
β                 (3.30) 

when the channel-length modulation effect is ignored and oxsCμβ = . 

If we define the controlling voltage Vc(t) as: 

thgsc VtVtV −= )()(                 (3.31) 

Its value as shown in Figure 3.27 may be expressed as: 
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If Iin(t) involves a step change from I1 at t = 0- to I2 at t = 0+, Eqn.(3.32) can be 

differentiated with respect to t to obtain 
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which has a solution given by: 
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where the constant K may be determined from the initial conditions. This leads to:  
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When Eqn.(3.35) is substituted into Eqn.(3.30) and (3.31), we have: 
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The response time (up to an accuracy of ± ε) is: 
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where I2 - ε is assumed when I2 > I1 and I2 + ε is assumed when I2 < I1.  

From Eqn.(3.28), we can see that the final value of the transition plays a much greater 

role than the initial value in determining the response time and the response time is 

inversely proportional to the aspect ratio W1/L1 of the transistor.  
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To examine the response speed, we apply a current pulse to the current mirrors and 

perform the transient analyses.  Since the parasitic capacitors of the current mirrors 

need a longer time to charge or discharge to a given voltage for a small input current 

and a small input current change, we simulate and measure the response speed of the 

current mirrors when they have the longest time delay, i.e., at the minimum input 

current level (= 10μA in our design). Figures 3.28, Figure 3.30, Figure 3.32 and 

Figure 3.34 show the simulated transient response of the four fabricated current 

mirrors and Figure 3.29, Figure 3.31, Figure 3.33 and Figure 3.35 show the measured 

transient response. As observed, it is somewhat difficult to measure the time delay.  

We listed the simulated and measured response time of the current mirrors fabricated 

in Table 3.7 for comparison. We define the measured response time as the time delay 

between the moment when the input current begins to change and the moment when 

the corresponding output current reaches its steady value. For the “improved” 

regulated cascode current mirrors, the measured response times are about twice as 

large as the simulated response times. Such longer response times may be associated 

with the parasitic capacitors formed during processing. We can also see that the 

difference in the response times between simulations and measurement results are 

much less in the simple cascode PMOS as the circuit configuration and the layout 

structure are simpler. Nevertheless, we still can achieve response time equal to or less 

than 5ns in all four current mirrors. Since the current mirrors have the longest delay 

time at the smallest input current, they ought to work up to 200MHz. 
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Figure 3. 28 Transient response of the cascode PMOS current mirror (simulations) 

 

Figure 3. 29 Transient response of the cascode PMOS current mirror (measurement results) 
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Figure 3. 30 Transient response of the “improved” regulated cascode PMOS current mirror 
(design #1) (simulations) 

 

Figure 3. 31 Transient response of the “improved” regulated cascode PMOS current mirror 
(design #1) (measurement results) 
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Figure 3. 32 Transient response of the “improved” regulated cascode NMOS current mirror 
(simulations) 

 

Figure 3. 33 Transient response of the “improved” regulated cascode NMOS CM 
(measurement results) 
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Figure 3. 34 Transient response of the “improved” regulated cascode PMOS CM (design #2) 
(simulations) 

 

Figure 3. 35 Transient response of the “improved” regulated cascode PMOS CM (design #2) 
(measurement results) 

Table 3.8 shows the simulated power consumption of the four current mirrors. We 

noticed that the power dissipation of the PMOS cascode current mirror is the greatest 

even though the circuit configuration is the simplest. This is because some of the 

transistors in the remaining three current mirrors operate in the weak inversion region 
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requiring less power. As a result, they do not consume more power even with more 

complicated circuit configurations. The power consumption has been calculated based 

on the data provided by the Cadence Analog Environment which provides the current 

and voltage values of all of the transistors. The total power consumption is computed 

by adding the power consumed by the individual transistor.  

Table 3. 7 Response speed of the fabricated current mirrors (@ 10μA) 

 PMOS 
cascode CM 

Improved PMOS 
RCM(design #1) 

Improved PMOS 
RCM(design #2) 

Improved 
NMOS RCM

Simulation 2ns 2ns 2ns 1.5ns 
Measurement 4ns 5ns 5ns 4ns 

Table 3. 8 Power dissipation of the fabricated current mirrors (@ 10μA) 

 PMOS 
cascode CM 

Improved PMOS 
RCM(design #1) 

Improved PMOS 
RCM(design #2) 

Improved 
NMOS RCM

Average 
power 32.14μW 25.21μW 24.46μW 23.50μW 

3.6 Summary and Discussion 

This chapter is devoted to the characterization, analysis, simulations and the 

measurements on the CMOS current mirrors. We have presented detailed analyses on 

a few chosen current mirrors, useful for our sensor circuits. We compared the 

simulation results with measurements using fabricated test structures. Our results 

suggest that the new regulated cascode current mirror has the best performance. In 

this study, we also examined the difference between simulations and measurement 

results of the “improved” NMOS regulated cascode current mirror and found it to be 

quite large (6 bits difference as shown in Figure 3.23 and Figure 3.24). Nevertheless, 

we noticed that there was much better agreement between simulations and 

measurement results in the “improved” PMOS regulated cascode current mirror (a 3 

bits modest difference in the active input current range 1μA -300μA and a 1 bit 

difference in the current range 1μA -200μA as shown in Figure 3.18). Looking at 
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these results, we conclude that the inferior performance of the “improved” NMOS 

regulated cascode current mirror can not be related to the design alone but is more 

likely to be process related. The layout design of the NMOS current mirror may not 

be good enough to meet our design specifications. Further improvements will be need 

in the design of the “improved” NMOS regulated cascode current mirror. Even with 

these shortcomings, the present results are nonetheless acceptable for use in the image 

sensor.  
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Chapter 4  

Current Comparator 

4.1 Introduction 

A current comparator determines if a current signal exceeds a given threshold and 

produces an output voltage [25]. A current-mode comparator receives an input signal 

in the form of a current and compares it to a pre-defined threshold current. The output 

is in the form of a voltage. Current sensing and comparison have many different 

applications, such as the basic building blocks for nonlinear current-mode signal 

processing and for analog to digital converters. The availability of a large current 

comparison range is an appealing feature in both fields.  In addition, detection at low 

current level is fundamental to high-speed operations. In applications requiring high 

resolution such as in the current-mode image compression chip the most important 

building block will be the current comparator. As expected, the chip performance is 

limited by the ability of the current comparator to discriminate between different input 

current levels.  

Figure 4.la shows the transfer characteristics of an ideal current comparator. EOL and 

EOH in the figure denote the limiting values of the output logical states and Figure 4.lb 

shows the ideal transient response. These figures highlight the characteristics of the 

ideal current comparator, i.e., a) an infinite trans-impedance in the transition region; b) 

zero offset; and c) zero time delay.  In order to reduce the loading error due to the 

finite output resistance of the driving current source, the input voltage to the current 

comparator should be kept constant for the full range of the input current.  In 

addition, all these characteristics ought to hold true for the smallest and the largest 
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possible input current. Practical circuit performance deviates from these ideal features 

and is characterized by a set of static and dynamic design parameters amongst which 

the most significant ones are [26]: 

• Offset (Ios) - defined as the input current required to annul the output voltage, 

• Gain error (Δ) or static resolution - defined as the input current increase needed to 

drive the output voltage from EOL to EOH. Any input larger than the static resolution is 

called an overdrive, 

• Propagation delay (TD) - defined as the time required for the output to change 

between two logical states following an input edge between two overdrives of 

opposite polarities. 

 

Figure 4. 1 Ideal current comparator operation [26]: (a) Transfer characteristics; and (b) 
Transient response 

In this chapter, we review some previous current comparator designs and compare 

them to two new CMOS current comparators in section 4.2.  In section 4.3 and 

section 4.4, we present detailed analyses on the new current comparators and their 

simulated performance. This is to be followed by the measurement results reported in 

section 4.5. Finally, in section 4.6, we will have a short discussion on the performance 

of these current comparators. 
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4.2 Circuit configurations  

 

Figure 4. 2 Simple CMOS current comparator in [27] 

There are a number of ways to implement a current comparator. The first CMOS 

current comparator was proposed in [27]. It is based on current mirrors and can be 

improved using current mirrors with cascode structures. Figure 4.2 shows the simple 

form of this current comparator. It is made up of a diode-connected input NMOS 

transistor M1, a NMOS transistor M2 that replicates the input current Iin, a 

diode-connected input PMOS transistor M3 and a PMOS transistor M4 that replicates 

the reference current Iref.  The drains of M4 and M2 are connected to generate the 

comparator output Vout.  Such circuit will provide a logical HIGH output voltage 

when Iin is less than Iref and a logical LOW output voltage when Iin is greater than Iref. 

Since the output falls to the logical LOW voltage when the input current exceeds the 

reference current, both M3 and M4 should be in saturation and M1 and M2 in saturation 

and in the linear region, respectively. To increase the amplitude of the output voltage, 

additional CMOS gain stages can be attached to the output to attain rail-to-rail voltage 
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values.  The biggest problem with this comparator is that since the output resistance 

of the current mirror is high, the capacitive loading of the CMOS gain stages will 

lower the frequency response considerably making the circuit unsuitable for 

high-speed applications. To improve the response speed, different current comparators 

have been reported [28-34]. For the current comparator reported in [28] and shown in 

Figure 4.3, Iin is the difference between the input current and the reference current and 

Vout is the comparator output. The source-follower (M1 and M2) is added at the input 

to reduce the input impedance.  The inverter (M3 and M4) provides positive feedback 

to increase gain and lowers the response time. Another inverter (M5 and M6) is used to 

bring the output to rail-to-rail voltage. This circuit works in the following manner: 

When Iin is positive, V1 is pulled high, V2 will be low after V1 is amplified by the 

inverting amplifier (M3 and M4).  Thus, M2 is on and M1 is off. Iin then passes 

through M2. When Iin is negative and V1 is pulled low as V2 goes high.  M1 is now 

on and M2 is off.  Iin will pass through M1. In either case, the input node of this 

current comparator has low impedance.  As Iin changes sign, there will be a voltage 

range when V1 is neither high enough for M1 to turn on nor low enough to turn M2 on. 

In this case, both M1 and M2 are temporarily off and the input node will have high 

impedance. This region is known as the deadband. The width of the deadband is 

determined by the threshold voltages of M1 and M2. To remove this high input 

impedance region, the current comparator shown in Figure 4.4 has been proposed [29]. 

By changing the biasing scheme of the input amplifier stage from class B to class AB 

operation, the width of the deadband is reduced and the propagation delay is lowered 

at small input currents.  Since the substrate of the two biasing transistors M1B and 

M2B are connected to their sources instead of to ground or VDD, the threshold voltages 

of M1B and M2B will be lower than those of M1 and M2 due to the body effect 
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( )22(0 FsbFTHTH VVV φφγ −++=  in M1 (M2) such that Vsb > 0 (Vsb < 0) and Vsb 

= 0 for M1B and M2B.   Thus, we have VTHM1 > VTHM1B (VTHM2 < VTHM2B). When V1 is 

neither low enough nor high enough to turn M1 or M2 on, either M1B or M2B will turn 

on.  This increases VGS1 or VGS2 and turns M1 or M2 on.  Using this design, the 

effect of the deadband will be minimized and its width can be controlled by the 

biasing currents IB1A, IB1B, IB2A and IB2B.  This circuit, however, is rather complex. A 

large number of transistors are needed to implement the four current sources and a 

twin-tub CMOS process [37] is required as the substrate of the two diode-connected 

transistors must be tied to their sources. Not only the power dissipation of this 

comparator will be increased, any processing errors will strongly affect the circuit 

performance. As suggested, the input and output impedances of the comparator can be 

further reduced by using negative feedback [30].  This is shown in Figure 4.5. This 

circuit requires three inverting amplifiers to lower the input impedance and a 

transistor MR to provide the resistive feedback. Although this circuit exhibits short 

response time and good process immunity, its resolution is limited by the value of the 

biasing current. For high-resolution applications, a large biasing current is required 

and the power dissipation can increase significantly.  
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Figure 4. 3 CMOS current comparator in [28] 

 

Figure 4. 4 CMOS current comparator [29] 
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Figure 4. 5 CMOS current comparator showing resistive feedback [30] 

In this study, we propose two new high-speed CMOS current comparators. The 

schematics of these current comparators are shown in Figure 4.6 and Figure 4.7, 

respectively. In the following, we will give short descriptions of these two CMOS 

current comparators and compare their performance with those previously mentioned. 

Detailed analyses on these CMOS current comparators will be given in section 4.3 

and section 4.4. 

The CMOS current comparator shown in Figure 4.6 (new CMOS current comparator 

#1) comprises of one CMOS complementary amplifier (M1-M4), two resistive-load 

amplifiers (M5-M8) and three CMOS inverters (M9-M14). The transistors M15 and M16 

operate in the linear region and negative feedback is used to reduce the input 

impedance. Instead of using current-load amplifiers as in [30] and shown in Figure 4.5, 

we use two resistive-load amplifiers (M5-M8) to increase the small voltage swing at 

node 2. Without any external biasing currents and voltages in this design, the power 

dissipation for large input currents will be decreased and process immunity should be 

enhanced.  
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Figure 4. 6 New CMOS current comparator #1 

The CMOS current comparators we discussed so far all assume that the input current 

has already been subtracted from the threshold current. These circuits simply generate 

a two-level output voltage in response to the polarity of the input current and the 

circuits needed to realize current subtraction (an essential part of the current 

comparator) are not considered. 

In practice, a subtraction circuit always has to be included and this circuit will 

consume additional power and increases the time delay. Thus, to be complete we need 

to consider the CMOS current comparators with the current subtraction circuit.  This 

is illustrated in Figure 4.7 (labeled as the new CMOS current comparator #2).  It 

consists of two cascode current mirrors and several voltage amplifiers.  A NMOS 

cascode current mirror (M1 - M4) is added to the input to replicate the input current Iin.  

It drives a PMOS active current-source load (M5 - M8) to convert the current 
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difference between Iin and Iref (the reference current) to a voltage as its output. A 

CMOS complementary amplifier (M9 - M12) together with the inverting amplifier 

(M13 and M14) and two resistive-load amplifiers (M15 and M16; M17 and M18) act as the 

two gain stages. The last three CMOS inverters (M19 - M24) will be used to generate 

the rail-to-rail voltage.  

 

Figure 4. 7 New CMOS current comparator #2 [40] 

As mentioned in the beginning of this section, the disadvantage of such a current 

comparator circuit has to do with the high output impedance. In our design, we 

connect the output of the complementary amplifier (M9 - M12) to the output of the 

cascode current mirror (node 1) in order to generate negative feedback which lowers 

the output impedance of current mirror, thereby increasing the response speed at low 

input currents.  

To compare the performance of the different comparator design discussed earlier, we 

simulated these comparator circuits using the SpectreS simulator provided by CMC 

and the TSMC 0.18 μm 1 Poly – 6 Metal layer CMOS technology.  Figure 4.8 shows 

the average propagation delay as a function of the input current between ± 0.1nA and 
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±10 μA for the five different CMOS current comparators mentioned earlier (▲ for 

[28], + for [29], • for [30], ■ for the new CMOS current comparator #1 and ♦ for the 

new CMOS current comparator #2).  From the figure, we observe that at low input 

currents, the propagation delay of the new CMOS current comparator #2 is superior to 

that of [28] but comparable to those of [29], [30] and the new CMOS current 

comparator #1.  The propagation delays however are all comparable when the input 

current approaches 1-10 μA.  This reflects the fact that the delay times at high input 

currents are solely limited by the delays of the inverting amplifiers. It may be pointed 

out that the operation of the new CMOS current comparator #2 actually has the lowest 

operating input current (of the order of ± 0.5nA), while the lowest input operating 

currents in the other comparators are at least  ± 0.05μA, ± 1nA and ± 0.01μA. To 

operate at a lower current level, a new comparator has previously been proposed in 

[36].  It uses only CMOS inverters to implement current-voltage conversion, 

feedback and voltage amplification. With the extremely complicated circuit 

configuration, this comparator can operate at a small input current of ± 50pA. 

Figure 4.9 shows a comparison of the power dissipation in the different current 

comparators as a function of the input current over the same current range as what is 

shown in Figure 4.8 (identical symbols are also used). Although the power dissipation 

of the new CMOS current comparator #2 is comparable with those found in [29], [30] 

and in the new CMOS current comparator #1, its value is more than that found in [28] 

(it should be pointed out that the power dissipation computed for the other circuits do 

not included the contribution from the subtraction circuit and the values will appear 

smaller).  
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Figure 4. 8 Propagation delay versus the input current 
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Figure 4. 9 Power dissipation versus the input current 

Figure 4.10 shows a comparison of the power delay product of the five different 

current comparators. As observed, the power delay product of the new CMOS current 

comparator #2 is superior to those found in [29] and in the new CMOS current 

comparator #1 at low input currents.  The value is however comparable to those 

found in [28, 29, 30] and in the new CMOS current comparator #1 at higher currents 

even though the power dissipation and the time delay of the input subtraction circuit 
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have not been accounted for in these comparators. Assuming negligible propagation 

delay and power dissipation in the subtraction circuit, the power delay products of the 

comparators reported in [28, 29, 30] and in the new CMOS comparators #1 and #2 are 

0.786pJ, 1.257pJ, 0.915pJ, 0.881pJ and 1.448pJ, respectively. These values have been 

computed at an input current of ± 0.1μA. A summary of the power-delay products of 

the five current comparators is listed in Table 4.1.  
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Figure 4. 10 Power-delay product versus the input current 

Table 4. 1 A Comparison of the simulated performances  

 Träff 
[28] 

Tang 
[29] 

Min 
[30] 

New 
CC #1 

New 
CC #2

Minimum Input Current (nA) ±50 ± 1 ±10 ± 1 ±0.5 
Propagation Delay (at ±0.1μA) 9.2ns 3.8ns 4.6ns 5.2ns 3.1ns 

Power Dissipation (mW)  
(at 0.1μA) 

0.165 0.33 0.3 0.278 0.285 

PDP (pJ) (at 0.1μA) 0.786 1.257 0.915 1.448 0.881 
Number of Transistor 8 14 14 16 24 

Note: Contributions associated with the current subtraction circuit are not included in [28], 
[29], [30] and in the new CMOS current comparator #1. 
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Since the new CMOS current comparator includes a subtraction circuit, extra time is 

needed to respond to the input current.  For a more accurate comparison, we 

simulated the new CMOS current comparator #2 without the subtraction circuit. A 

plot on the comparison of the propagation delay versus the input current (the 

difference between the input current Iin and the reference current Iref) is shown in 

Figure 4.11. From the figure, we can see that the propagation delay of the new CMOS 

current comparator #2 is far shorter than those of the other current comparators. 
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Figure 4. 11 Propagation delay versus the input current (the subtraction circuit has been 
removed in the new CMOS current comparator #2) 
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4.3 New CMOS Current Comparator #1 

 

Figure 4. 12 The new CMOS current comparator #1 

Figure 4.12 shows the circuit configuration of the new CMOS current comparator #1.  

It consists of a CMOS complementary amplifier (M1-M2), two current-limiting 

transistors (M3-M4), two resistive-load inverting amplifiers (M5-M8), three CMOS 

inverters (M9-M14) and two resistive feedback transistors (M15-M16).  The transistors 

M3 and M4 operate in the linear region and limit the current of transistors M1 and M2. 

Transistors M15 and M16 are used as negative feedback resistors to reduce the input 

impedance.  

Using small-signal analysis and neglecting M3 and M4, the input and output 

resistances of the CMOS complementary circuit with the feedback resistors can be 

expressed as: 
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where ( )21 // dsdsp rrR = , gm1 and gm2 are the respective transconductances of M1 and 

M2, R15 and R16 are the on-resistance of M15 and M16 and Rc is the output resistance of 

input current source.  

In general, R15 and R16 are << Rp; R15 and R16 are << Rc. In addition, (gm1 + gm2) Rp 

and (gm1 + gm2) Rc are both >>1.  It can therefore be shown that: 
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The smaller input and output resistances will reduce the voltage swings at nodes 1 and 

2 such that the response time of comparator can be greatly lowered. To increase the 

small voltage swing at node 2, two resistive-load amplifiers have been added to 

provide the additional gain and increase the response speed. The last three CMOS 

inverters ought to provide rail-to-rail output voltage while the propagation delay 

remain negligible in practice (typical value of the propagation delay of the inverter is 

less than 100ps [38]). As there is no external biasing current or voltage in this CMOS 

current comparator, process immunity ought to be enhanced.  

4.3.1 Transient Response Analysis 

As we mentioned in the last section, the propagation delay of the inverters are 

negligible when compared to that of the input amplifier. We can therefore analyze the 

transient response and estimate the propagation delay of the input stage. The 

equivalent circuit used in the study of transient response is shown in Figure 4.13, 

where the amplifier used is a CMOS inverter with two cascode transistors.  
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Figure 4. 13 Equivalent schematic of the new current comparator #1 for the study of transient 
response 

If we consider a single pole model for the inverting amplifier with a gain-bandwidth 

product (GB) and linear capacitors at the input and output nodes, we obtain: 

t
C
I

V
in

in
in =Δ           (4.4) 

2

2
t

C
IGBV

in

in
o −≅Δ         (4.5) 

For small signal, the low frequency gain is: 

outm rgA 2=           (4.6) 

where gm2 is the transconductance of M2 and rout is output resistance of the inverter. 

Considering this amplifier to be a one pole system with a pole located at 

outoutCrp =1           (4.7) 

the gain-bandwidth of the inverting amplifier is given by: 

out

m

C
g

GB 2=           (4.8) 

If we consider an input step current at t = 0 from a negative overdrive -J up to a 

positive overdrive +J, the propagation delay can be written as: 
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where the propagation delay TD is defined as the time between the arrival of input 

current pulse and the time when the output voltage changes.  

Assuming Cin = Cout = 50fF, gm2 = 100μA/V and for an input current of ±100nA, VoutH 

- VoutL is ≅ 50mV.  Substituting these values into Eqn. (4.9), we obtain a propagation 

delay of ~ 5 ns.   Similarly, for input currents of ±10nA and ±1μA, the estimated 

propagation delays are 8.06ns and 4.47ns, respectively. 

4.3.2 Simulations 

The performance of this CMOS current comparator has been simulated using the 

SpectreS simulator and the TSMC 0.18 μm 1Poly – 6 Metal layer CMOS process with 

1.8V supply voltage. The transistor dimensions are listed in Table 4.2.  

Table 4. 2 Transistor dimensions of the new current comparator #1 

Transistors Width(μm) Length(μm) Transistors Width(μm) Length(μm)
M1  2 0.2 M6, M8 1 0.5 
M2 1 0.5 M9, M11, M13 2 0.2 
M3 0.5 0.2 M10, M12, M14 0.5 0.2 
M4  0.5 1 M15, M16 0.5 8 

M5, M7 1 1    

We simulated this current comparator at three different input currents: ±10nA, 

±100nA and ±1μA. The results are shown in Figure 4.14 through Figure 4.16. As 

shown, the propagation delays for the three input currents of ±10nA, ±100nA and 

±1μA are 8.7ns, 5.2ns and 4.7ns, respectively.  These values are very close to the 

calculated propagation delays of 8.06ns, 5ns and 4.47ns. 
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Figure 4. 14 Simulated input and output waveforms for the new CMOS current comparator #1 
(Input Current = ±10nA)  

 

Figure 4. 15 Simulated input and output waveforms for the new CMOS current comparator #1 
(Input Current = ±100nA) 
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Figure 4. 16 Simulated input and output waveforms for the new CMOS current comparator #1 
(Input Current = ±1μA) 

4.4 New CMOS Current Comparator #2 

 

Figure 4. 17 New CMOS current comparator #2 

Figure 4.17 shows the schematic of the new CMOS current comparator #2. It 

comprises of two cascode current mirrors (M1 - M4 and M5 - M8), a CMOS 

complementary amplifier (M9 - M12), an inverting amplifier (M13 and M14), two 
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resistive-load amplifiers (M15 and M16; M17 and M18) and three CMOS inverters (M19 

- M24).  Because M10 and M11 operate in saturation, M9 and M12 will reduce the 

current in the gain stages. The operation of this circuit can be explained by what 

follows:  The NMOS cascode current mirror (M1 - M4) is added to the input to 

replicate the input current Iin. It drives the PMOS active current-source load (M5 - M8) 

to produce a current difference between Iin and Iref (the reference current) which is 

then fed to the gain stages. As there is negative feedback at node 1, the voltage swing 

at low input current will be very small at low input currents. This is the reason why 

we use the two gain stages to amplify the small voltage swing.  The CMOS 

complementary amplifier (M9 - M12) and the inverting amplifier (M13 and M14) work 

as the first gain stage and the two resistive-load amplifiers (M15 and M16; M17 and M18) 

work as the second gain stage.  Finally, rail-to-rail output is achieved using the three 

CMOS inverting amplifiers (M19 - M24).  As discussed in the last section, one 

disadvantage of such a current comparator is the high output impedance. In our design, 

we connect the output of the complementary amplifier (M9 - M12) to the output of the 

cascode current mirror (node 1) to generate negative feedback which reduces the 

output impedance of current mirror, thereby enhancing the response speed at low 

input currents.  

For small-signal, M9 and M12 can be neglected and the output resistance at node 1 is: 

1110 ////// dsdsonopout rrRRR =       (4.10) 

where Rop and Ron are the output resistances of the NMOS driver and the PMOS load, 

respectively. In addition, 787 mdsdsop grrR ⋅⋅=  and 443 mdsdson grrR ⋅⋅= . For M10 and 

M11, 1010 1 mds gr = and 1111 1 mds gr = , where gm10 and gm11 are the respective 

transconductances of M10 and M11.  
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Because rds10 and rds11 are much smaller than Rop and Ron, the output resistance can be 

written as: 
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Such a small output resistance reduces the voltage swing at node 1 and the delay time 

will decrease.  

Further analyses also suggest that all of the NMOS and PMOS transistors in the 

subtraction circuit are in saturation.  Ignoring the channel-length modulation effect, 

we have: 
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where IN and IP are the currents passing through the NMOS and PMOS transistors, 

respectively (VTHN = 0.45V and VTHP = – 0.45V as specified in the TSMC 0.18μm 

CMOS process). 

For the two cascode current mirrors, we have I1 = I2, I5 = I6, and I3 = I4 = I7 = I8.  

Combining these equations, we find:  

VA = VC          (4.14) 

VB = VD          (4.15) 

                               Vref + Vin = VDD        (4.16) 

While all the transistors operate in saturation, the following relationships should hold: 

Vref = VDD – Vref  ≥ 2|VTHP| = 0.9V     (4.17) 

Vin ≥ 2|VTHN| = 0.9V         (4.18)  

Vref ≤ 0.9V          (4.19) 
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Vin ≥ 0.9V          (4.20) 

Vref + Vin = VDD = 1.8V        (4.21) 

If Vref and Vin follow the above relationships, the subtraction circuit should function 

properly and produces a small voltage swing at node 1. The comparator outputs the 

rail-to-rail voltage as the result of the current difference between Iref and Iin. 

4.4.1 Transient Response Analysis 

The propagation delay of the current comparator can be calculated by adding the 

delay of the input subtraction circuit and the delay of the complementary amplifier 

(assuming we ignore the delay of the inverters). We can again use the equivalent 

schematic in last section to analyze the transient response of the complementary 

amplifier. The only difference is that there are no transistors in the feedback loop. 

This equivalent model is shown in Figure 4.18.  

 

Figure 4. 18 Equivalent model for analyzing the transient response of the complementary 
amplifier 

Cin2 is the sum of the capacitances at the output of the current subtraction circuit and 

at the input of the complementary amplifier.  Cout2 is the total capacitance at the 

output of amplifier. If we consider an input step current at t = 0 from negative 

overdrive – J up to positive overdrive + J, the propagation delay of the 

complementary amplifier can be written as: 
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where gm10 is the transconductance of M10.  

For the complementary amplifier, the typical capacitance values are Cin2 = Cout2 = 

50fF and gm10 = 50μA/V.  When the input current is = ±100nA, VoutH - VoutL ≅ 0.7mV.  

By substituting these values into Eqn. (4.22), the estimated propagation delay at the 

input current of ±100nA is 0.83ns.  

For the current subtraction circuit, we only consider the NMOS cascode current 

mirror since the PMOS current mirror carries the constant reference current. Thus, the 

propagation delay of the current subtraction circuit is: 

111 ininD CRT =         (4.23) 

where Rin1 is the input impedance of the NMOS cascode current mirror and Cin1 is the 

total capacitance at the input.  In addition Ω×≈+= 4

21
1 10411

mm
in gg

R   and Cin1 is 

approximately 50fF. This leads to: nsCRT ininD 2111 ≈=  and the total propagation 

delay nsTTT DDD 83.221 ≈+=  at the input current of ±100nA.  This is close to the 

simulated value of 3.09ns.     

4.4.2 Simulations 

To verify the circuit performance, SpectreS has been used to simulate the new CMOS 

current comparator #2 using the TSMC 0.18μm CMOS process and 1.8V voltage 

supply. The transistor dimensions are summarized in Table 4.3.  It should be noted 

that while the input currents listed in [28-30] and the new CMOS current comparator 

#1 left out the current subtraction circuit, in our present design a subtraction circuit 

and an amplifier have been added.  For convenience, we refer to the difference 
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between Iref and Iin as the “input current”.  Furthermore, because this current 

comparator is designed to be a part of the CMOS image sensor and it is necessary to 

reduce the power dissipation so as to be compatible with current-mode image sensors, 

the reference current Iref has been set to be 5μA. In our simulations, Iref and Iin are 

implemented by idc and ipulse, respectively under the library of “analoglib”. We 

simulated this current comparator at three input current values: ±10nA, ±100nA and 

±1μA. The results are shown in Figure 4.19 through Figure 4.21. As shown in the 

figures, the propagation delay at the input currents of ±10nA, ±100nA and ±1μA are 

4.3ns, 3.1ns and 2.4ns respectively.  

Table 4. 3 Transistor dimensions of the new current comparator #2 

Transistors Width(μm) Length(μm) Transistors Width(μm) Length(μm)
M1 – M4  0.5 0.2 M15, M17 1 0.55 
M5 – M8 7 0.2 M16, M18 1 1 

M9, M10, M13 0.5 0.2 M19, M21, M23 0.5 0.2 
M11, M14 1.2 0.2 M20, M22, M24 2 0.2 

M12 2 0.2    

 

Figure 4. 19 Simulation results of the new CMOS current comparator #2 (Input Current = 
±10nA) 
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Figure 4. 20 Simulation results of the new CMOS current comparator #2 (Input Current = 
±100nA) 

 

Figure 4. 21 Simulation results of the new CMOS current comparator #2 (Input Current = 
±1μA) 

4.5 Results and Measurements 

Through the Canadian Microelectronics Corporation (CMC), the proposed CMOS 

current comparators were fabricated using the TSMC standard 0.18µm, single poly, 

six metal, salicide CMOS process. For the CMOS current comparator #1, we have 
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done two fabrication runs with two different schematics and layout.  In this section, 

we will present the measurement results of the both CMOS current comparators and 

compare their results with simulations.  

4.5.1 New CMOS Current Comparator #1-1 

Figure 4.22 shows the layout of the new CMOS current comparator #1-1. Two kinds 

of measurements have been made on this current comparator. One is the DC response 

measurement to verify the operation of the current comparator. The other is transient 

response measurement to determine the response speed.  

 

Figure 4. 22 Layout of the new CMOS current comparator #1-1 
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4.5.1-A DC Response  

Figure 4.23 shows the simulations on the DC response. The input current is changed 

from -1μA to + 1μA. From the simulations, we can see that the output voltage 

changes dramatically near 0 μA. We also notice that when the input current is very 

close to zero, the current comparator is not working properly.  This is because the 

output rests at some voltage in between two rail voltages (i.e., 0 or 1.8V) instead of at 

one or the other value. What this may mean is that the input current has exceeded the 

resolution limits of the current comparator.  Next, the measured DC response is 

plotted in Figure 4.24.  From these measurement results, we can see that they do not 

agree with the simulations plotted in Figure 4.23.  We find that the output voltage 

only changes from 0.22V to 0.4V instead of 0V to 1.8V as observed in the simulations. 

In addition, the sharp transition near the input current of 0μA is absent and the output 

voltage changes more gradually. Thus, we come to the conclusion that this current 

comparator is not working properly.  

 

Figure 4. 23 DC response of the new CMOS current comparator #1-1 (Simulations) 
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Figure 4. 24 DC response of the new CMOS current comparator #1-1 (Measurement results) 

4.5.1-B Transient Response  

Transient response has also been made on the CMOS current comparator #1-1. The 

measurement results are shown in Figure 4.25 and 4.26 at the input currents of 

±100nA. From Figure 4.25, we can see that the current comparator produces only 

small voltage swing (around 15mV) instead of rail-to-rail voltage swing even though 

the latter does reflect somewhat the change in the input current (or voltage).  Another 

observation is that the amplitude of output voltage resembles the voltage levels in the 

DC measurements shown in Figure 4.24.  Figure 4.26 shows the measured 

propagation delay of the new CMOS current comparator #1-1. As observed, the 

propagation delay is 7ns (about 2 ns longer than the propagation delay found in the 

simulations).  
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Figure 4. 25 Measurement results of the new CMOS current comparator #1-1 (---- stands for 
the output voltage) 

 

Figure 4. 26 Measurement results of the new CMOS current comparator #1-1 (---- stand for 
the propagation delay) 

4.5.1-C Discussion and Other Test Results 

Comparing simulations to the measurement results, we conclude that the CMOS 

current comparator #1-1 does not functioned properly. It can not provide the 

rail-to-rail voltage output as anticipated.  Ideally, for the CMOS current comparator 

shown in Figure 4.12 the output ought to reach rail-to-rail voltage if the inverters at 
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the output stage are working properly. Referring to the transfer characteristics of the 

inverters shown in Figure 4.27, we can see that the inverters ought to operate in the 

voltage range between point C and point D, that is, the NMOS transistor in the linear 

region and the PMOS transistor in the saturation region. Taking a closer look of this 

transfer characteristic, we can see why the inverters have not worked as the inverters 

are not properly biased. Apparently, the amplifiers in the gain stages do not have 

enough output voltage swing to drive the inverters properly. 

 

Figure 4. 27 Inverter transfer characteristics [39] 

Regarding the propagation delay, it is reasonable to expect longer delay in the 

measurement results than in the simulations because parasitic resistors and capacitors 

introduced during fabrication may produce additional time delay. In addition, the 

resistors and capacitors in the test fixture may also contribute to propagation delay. 

Even though the measured propagation delay is 2ns longer than expected, it can 

nevertheless meet our timing requirements if we can somehow correct for the 
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deviations caused by the small output voltage. To do that, we added a few external 

gain stages to increase the output to the required voltage level. We used a NE592N8 

video amplifier as the external gain stage and it offers adjustable gains from 0 to 400 

with one external resistor. The top view of the amplifier chip is shown in Figure 4.28 

and the schematic of the test fixture is shown in Figure 4.29  

 

Figure 4. 28 Top view of the NE592N8 video amplifier 

 

Figure 4. 29 Test Fixture of the new CMOS current comparator #1-1 with an external 
amplifier 

In above test fixture, V+ and V- of the NE592N8 amplifiers are set at ±6V.  Figure 

4.30 shows the measurement results on the transient response of the new CMOS 

current comparator #1-1 with the external amplifier at the input current ±100nA. From 

the measurement results, we can clearly see that the output of the new structure 

reaching the rail-to-rail voltage.  This confirms our suspicion that the inferior 

performance of this current comparator is related to the low amplification in the gain 

stages. Otherwise, this CMOS current comparator ought to work properly.  
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Figure 4. 30 Measurement Results of the new CMOS current comparator #1-1 with an 
external amplifier 

4.5.2 New CMOS Current Comparator #1-2 

As we discussed in the last section, the new CMOS current comparator #1-1 failed 

because the amplifiers cannot provide sufficient gain.  In addition to increasing the 

amplifier gain or adding more gain stages to eliminate this problem, another effective 

yet simple solution is to increase the voltage swing at node 2 (the input signal to the 

gain stages) shown in Figure 4.12. We note that transistors M3 and M4 are used to 

decrease the operating current of the complementary amplifier. However, their 

presence also decreases the voltage swing at node 2.  We can in principle remove 

these two transistors to increase the voltage swing at node 2. With a larger input to the 

gain stages, we may not rely on the inverters to reach rail-to-rail voltage. Figure 4.31 

shows the schematic of the modified CMOS current comparator (to be called the new 

CMOS current comparator #1-2).  The layout is shown in Figure 4.32.  
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Figure 4. 31 Schematic of the new CMOS current comparator #1-2 

4.5.2-A DC Response 

Figure 4.33 shows the simulations on the DC response of new CMOS current 

comparator #1-2 when the input current is changed from -1μA to + 1μA.  Similar to 

the simulations on the new CMOS current comparator #1-1, the output voltage 

changes states at around 0μA and the static resolution is about 0.05μA. 

The measurement results on the DC response are shown in Figure 4.34. We can see 

from the figure that the results are more consistent with what is shown in the 

simulations. For an input current changing from -1μA to + 1μA, the circuit output 

reaches rail-to-rail voltage (1.8V - 0V) as anticipated.  This verifies that indeed the 

new current comparator works. However, we also notice that the comparator does not 

have a sharp transition at around 0μA. The static resolution of this current comparator 

is about 0.5μA (–0.4μA to + 0.1μA) which is worse than what is found in the 

simulations (i.e., ~ 0.05μA).  
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Figure 4. 32 Layout of the new CMOS current comparator #1-2 

 

Figure 4. 33 DC response of the new CMOS current comparator #1-2 (Simulations) 
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Figure 4. 34 DC response of the new CMOS current comparator #1-2 (Measurement results) 

 

Figure 4. 35 Voltage at node 1 in the DC response of the new CMOS current comparator #1-2 

To determine the reason for the poor resolution, we compare the simulated and 

measured voltages at node 1 (V1) and node 2 (V2) in the new CMOS current 

comparator #1-2. The results are shown in Figure 4.35 and Figure 4.36.  As shown, 

the measurement results are quite different from those observed in the simulations. 

We can see from Figure 4.35 that the measured voltage at node 1 (V1) is about 0.1V 

larger than that in simulations for an input current ranging from –0.4μA to + 1μA.  

The difference increases to about 0.2-0.3V when the input current range from –1μA to 
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– 0.5μA.  This kind of difference suggests that the measured voltage at node 2 (V2) 

has moved leftward in comparison with the values in the simulations.  We also noted 

from Figure 4.36 that the slope of the transition and the voltage levels in the 

simulations and the measurement results are somewhat similar. The only difference 

causing the low resolution in the CMOS current comparator appears to be the voltage 

shift at node 2 (V2). As a result, we may conclude that the voltage deviation at node 1 

(V1) causes the complementary amplifier to produce a voltage shift at the output, thus 

lowering the resolution of the entire CMOS current comparator. While the voltage 

deviation of V1 can be attributed to the parasitic resistors introduced during chip 

fabrication, this also affects the biasing conditions of transistors M11 and M12.  

 

Figure 4. 36 Voltage at node 2 in the DC response of the new CMOS current comparator #1-2 

4.5.2-B Transient Response 

When compared to the new CMOS current comparator #1-1, the new CMOS current 

comparator #1-2 has a different circuit configuration and layout design. Therefore, we 

need to simulate this circuit again to verify the results on the transient response. 

Figure 4.37 shows the simulations on the transient response at the input current of 

±1μA. The propagation delay is about 8.7ns. The measurement results are shown in 
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Figure 4.38 and 4.39. From Figure 4.38, we can see the current comparator changes 

between rail-to-rail voltages with the change of the input current (voltage) which 

means that the circuit operation is consistent with the simulation results.  The 

propagation delay is 18.5ns and is shown in Figure 4.39.  This value is about 10ns 

larger than the propagation delay from simulations. Since there are parasitic resistors 

and capacitors in the fabricated chip and in the measuring setup, it is reasonable to 

expect that the measured delay time would be longer than the simulated delay time. 

Even with the longer delay time, the new CMOS current comparator #1-2 is still fast 

enough to meet our speed requirements.  

 

Figure 4. 37 Simulations on the transient response of the new CMOS current comparator #1-2 
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Figure 4. 38 Measurement results of the new CMOS current comparator #1-2(---- stands for 
the output voltage) 

 

Figure 4. 39 Measurement result of the new CMOS current comparator #1-2 (---- stands for 
the propagation delay) 

4.5.3 New Current Comparator #2 

The new CMOS current comparator #2 shown in Figure 4.17 has been fabricated and 

measured to assess its performance. Figure 4.40 shows the layout view with the 
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labeling of the transistors.  Since there are cascode NMOS and PMOS current 

mirrors stacked together to form the current subtraction circuit, we use inter-digitated 

finger structure to improve transistor matching in the current mirrors and common 

centroid structures to reduce the parasitic capacitances in the layout. 

 

Figure 4. 40 Layout of the new CMOS current comparator #2 

4.5.3-A DC Response 

The new CMOS current comparator #2 has been measured with the input current 

changing from 1μA to 10μA at a reference current of 5μA.  Figure 4.41 shows the 

simulations and the measurement results (× for simulation, • for measurement). 

Clearly from the measurements we can see that the transition between the two rail 

voltages is not sharp as compared to what is observed in the simulations. Based on 

simulations, the input current has a transition range from 4.7μA to 5μA 

(corresponding to a static resolution of 0.3μA) while from the measurement results, 

the transition range is from 4.5μA to 5.5μA (corresponding to a static resolution of 

1μA). One possible explanation of this deviation lies in the mismatch of the two 
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cascode current mirrors causing inaccuracies in current subtraction circuit.  This 

again causes the transfer characteristics to shift.  In addition, the more complex 

configuration of the input stage will introduce additional parasitic resistances causing 

the biasing voltage at node 1 to change.  

 

Figure 4. 41 DC Response of the new CMOS current comparator #2 (Measurement results) 

4.5.3-B Transient Response 

Figure 4.42 shows the simulations on the transient response and the propagation delay 

is about 2.45ns when the input current varies between 4μA and 6μA while the 

reference current is at 5μA. The measurement results are shown in Figure 4.43 and 

Figure 4.44. From Figure 4.43, we can see the current comparator produces a 

transition between the two rail voltages with changes in the input current (voltage). 

The measured propagation delay as shown in Figure 4.44 is about 11ns. The extra 

delay is probably caused by charging the parasitic capacitors in the fabricated chip. 

Besides, the resistances and capacitances in the test fixture also cause additional time 

delay (for instance: increasing the rise time of the input and output signals).  
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Figure 4. 42 Transient response of the new CMOS current comparator #2 (Simulations) 

 

Figure 4. 43 Measurement results of the new CMOS current comparator #2 (---- stands for the 
output voltage) 
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Figure 4. 44 Measurement results of the new CMOS current comparator #2 (---- stands for the 
propagation delay) 

4.6 Further Comments 

In this chapter, we presented the analyses, simulations and measurement results of the 

CMOS current comparators. We first introduced the three different CMOS current 

comparator designs reported in the literature and compared simulations on the 

propagation delays with values obtained from two new CMOS current comparator 

design (#1 and #2) that we proposed. Based on the comparison results, we also 

fabricated our proposed designs through CMC using the standard TSMC 0.18μm 

CMOS technology. The first fabricated chip (new CMOS current comparator #1) 

partially failed and could not produce rail-to-rail output voltage as anticipated. As a 

result, we have to carefully review the design and adjusted the circuit configuration 

and the layout and re-submitted the circuit to CMC for a second round fabrication. 

The test results on the re-submitted chip confirmed that the new CMOS current 

comparator #1-1 design may still work with proper re-adjustments in the circuit 
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configuration and the layout. Measurement results on the new CMOS current 

comparator #2 showed acceptable performance and agreed well with the simulations.  

By studying the five CMOS current comparators in this chapter, we come to the 

conclusion that there is always tradeoff between speed and resolution in the design of 

current comparators.  In order to achieve high response speed, the output voltage 

swing at the input stage has to be small and the resolution of current comparator will 

be lowered as a consequence. For the two new CMOS current comparators proposed 

here, we have found that the new current comparator #2 works reasonably well but 

there is still the possibility to further improve its performance. As we noted in the 

previous sections, the parasitic resistors and capacitors at the front-end of the CMOS 

current comparators play an important role in determining the resolution and response 

speed. Accordingly, if we may need to select the transistor dimensions carefully and 

possibly to use a more advanced layout technique to minimize parasitic resistances 

and capacitances.  There are reasons to believe that we can most likely further 

improve the performance of the CMOS current comparators following this line of 

reasoning. 
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Chapter 5  

APS, FPN Suppression and S/H Circuit 

5.1 Introduction 

In conventional image sensors, data are captured and transferred to a computer in 

“raw” form and this may generate bottlenecks at the input to the analog to digital 

converters (ADCs) and to signal processing blocks particularly when the refreshment 

rate is high.  For our computational CMOS image sensor, the image data are first 

pre-processed on-chip prior to being sent to the ADCs and this can reduce data size 

making the bottleneck issue less significant. Moreover, the reduced data size also 

minimizes computational bottleneck in the processing blocks as less data need to be 

processed. In addition, on-chip pre-processing performed in analog format uses 

feedback which allows for signal level adaptability (such as light intensity adaptability 

in imagers). 

As shown in Figure 2.1, our CMOS image sensor consists of an array of pixels each 

having its own compression circuits, row/column address decoders and ADCs. During 

imaging, the output from each pixel is sent to the analog signal processing blocks to 

perform functions such as sample and hold, fixed pattern noise (FPN) suppression and 

threshold comparison. The processed data are then forwarded to the on-chip ADCs for 

digitization. In the analog signal processing blocks, current mirrors and current 

comparators are frequently used and we have already discussed their designs and 

operation in the previous chapters. Other analog circuit blocks include pixel 

transducers, sample and hold (S/H) circuits and fixed pattern noise (FPN) suppression 

circuits.  In this chapter, we describe in sequence the design and operation of the 
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pixel transducers, the fixed pattern noise (FPN) suppression circuits and the sample 

and hold (S/H) circuits. We will report simulations and measurement results related to 

the individual circuit blocks and tests on the overall image sensor.  

5.2 Active Pixel Sensor (APS) 

A pixel transducer is the front-end unit that generates photocurrent from the incident 

light. It consists of a photodetector and its readout circuits. The photodetector is either 

a photodiode (PD), a photo-gate (PG) or a phototransistor (PT), each can detect the 

incident light and convert it into an electrical signal. A pixel transducer is known as a 

Passive Pixel Sensor (PPS) if no amplifiers are included in the readout or it is known 

as an Active Pixel Sensor (APS) if the readout includes active amplifying transistor(s). 

In this work, we have chosen to use a PD over a PG and/or a PT as the pixel 

transducers because the former offers a wider signal dynamic range, better linearity, 

faster response, and less FPN [41, 42].  

 

Figure 5. 1 A typical passive pixel sensor (PPS) 

A typical PPS is shown in Figure 5.1. It consists of the PD and a pass or access 

transistor M0. The pixel is addressed by turning M0 on and in so doing, the PD is 

directly connected to the column bus. The photocurrent passing through the column 
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bus is amplified by a charge integrating amplifier converting the photocurrent to a 

voltage. One major problem with the PPS is that readout noise can be considerable.  

The APS is the better known pixel transducer and can produce either linear 

(integrating) or logarithmic (continuous) output. Figure 5.2 shows the schematic of a 

Linear Active Pixel Sensor (L-APS). It consists of a PD and 3 transistors. As shown, 

M2 is a source-follower amplifier and its presence distinguishes the L-APS from the 

PPS.  In addition, the transistor M1 is present serving as the reset switch. M3 is the pass 

or access transistor as in the PPS. Charge-to-voltage conversion occurs at the sense 

node with the node capacitance Cgate (which includes the gate capacitance of M2 and all 

other parasitic capacitances). M2 acts as the buffer amplifier isolating the output from 

the sense node.  

 

 

Figure 5. 2 Linear active pixel sensor (L-APS) 

The basic operation of the L-APS involves pre-charging the gate-capacitor Cgate to the 

value VDD - Vth1 which is then discharged by the photocurrent through the reverse 

biased PD.  Pre-charging is controlled by a “Reset” clock pulse applied to the gate of 

M1 whereas the discharging is controlled by the amount of photocurrent in the PD, 

which is approximately linear to the light intensity.  M3 works as the row-select switch 

with its gate “Row” connected to the row address decoder.  
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The L-APS has many advantages over other pixel sensors. This includes linear 

transfer characteristics, large output swing and a typical (optical) dynamic range of 

~70-80dB [43, 56] which can be controlled by the (light) integration time. The L-APS 

also exhibits lower sensitivity to device mismatch because the dependency of the 

integration-time on the input capacitance is less prone to mismatch in comparison 

with the other process/circuit parameters [44]. Furthermore, integration principally 

performs the function of a low-pass filter removing the high frequency noise (such as 

switching noise) during operation. The main drawbacks of the L-APS are problems 

associated with fixed pattern noise (FPN) that causes deviations in the I-V 

characteristics of the active devices and lowers the area fill factor as the more 

complex readout circuits may be required. Based on the above reasons, the PD 

linear-active pixel sensor (L-APS) has been adopted. 

In this section, we will present detailed analyses on the CMOS L-APS.  Because 

CMOS-compatible PDs are not normally specified in the intrinsic CMOS process, we 

need to devise an equivalent-circuit model to carry out the simulations. In the 

following section, we will introduce a novel CMOS PD equivalent-circuit model that 

can be incorporated and used in the circuit simulator SpectraS (provided by CMC). 

This will be followed by an analysis on the operation of the L-APS in the design. 

Measurements will be taken from the L-APS chips fabricated using the standard 

TSMC 0.18μm CMOS technology. 

5.2.1 CMOS-compatible Photodiode Models 

Equivalent-circuit models are physical models (or analytical analogs) used to mimic 

device operation in the form of mathematical expressions in terms of voltages and 

currents. The operation of a PD for instance relies on the charge collection across the 
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reverse bias p-n junction under illumination. Typically, the PD is best analyzed using 

an equivalent circuit of the form shown in Figure 5.3. 

 

Figure 5. 3 PD and its equivalent circuits [45] (circuit components are: Iph = current source, 
Idark = dark current, Rsh = shunt resistance, CD = junction (depletion layer) capacitance, Rs = 

series resistance, RL = load resistance and VB = reverse bias supply) 

In this representation, the p-n junction is modeled as an ideal reverse bias p-n junction 

with saturation current Idark arising from thermal generated carriers. The depletion 

region is represented by the resistance Rsh (typically 107-1012 Ω) and the capacitance 

CD (typically a few tens of fF). The semiconductor resistance is presented as the series 

resistance Rs (typically a few Ωs). The values of these circuit components can be 

either calculated from the technology data file for the CMOS process used in the 

fabrication of the chips or extracted directly from the measurements. For instance, the 

value of Rsh is given by the inverse of the slope of the dark I-V characteristics of the 

PD. The dark current, similar in nature to the reverse saturation current, is due to 

thermal generation of carriers and is given by [45, 46, 47]: 

( )1/ −= TD UV
Sdark eII              (5.1) 

The reverse saturation current, IS, is given as [6]: 
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In Eqn.(5.1), VD is the voltage across the PD, UT (= kT/q or 26mV at room 

temperature) is the thermal potential, AD is diode area, Dn,,p and Ln,p are the respective 
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diffusivities and the diffusion lengths for the electrons and holes. Na and Nd are the 

respective acceptor (p-region doping) and donor (n-region doping) densities. ni is the 

intrinsic carrier density. Figure 5.4 shows the light and dark currents under forward 

and reverse bias. 

 

Figure 5. 4 Typical PD characteristics under reverse bias - region III (the dashed curve is 
taken in the dark and the solid curve is taken under illumination) 

According to Figure 5.3, the photocurrent Iph is represented by a voltage-controlled 

current source (VCCS) connected parallel to the diode in the equivalent-circuit model 

[45]. For a n+/p-substrate CMOS compatible PD, the photocurrent equation is given 

by [45, 47]: 

hc
RLAq

I ioD
ph

)1( −
=

λη
        (5.3) 

where q is the electron charge (1.6 x 10-19 C), η is the quantum efficiency, AD is the 

photosensitive area of the PD, Lio is the incident light intensity (in W/m2), λ is the 

wavelength, R is the reflectivity coefficient (defined as the ratio of reflected light 
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intensity to the incident light intensity  and R ~ 0.35 for Si), h is the Planck constant 

(= 6.62 x 10-34 Js), and c is the speed of light in space (= 3 x 108 m/s).  

This equation shows a linear relation between the photocurrent and the incident light 

intensity. The total PD current under illumination as shown in Figure 5.4 is given by: 

ID = Idark − Iph. Note that this equation is quite general and is applicable to all 4 regions 

of operation of the PD. The region of interest is region-III, where the PD is at reverse 

bias and in the so-called photoconductive mode. In this case VD is negative and the 

dark current is essentially constant (i.e., Idark ≈ IS) especially when VD is large. The 

total PD current can then be written as: ID = −(Idark + Iph). This suggests the diode 

current is quantitatively equal to Idark + Iph flowing in the reverse direction (opposite to 

the forward current). 

In most cases, the high shunt resistance, Rsh and the low series resistance, Rs can both 

be neglected. The junction capacitance, CD, is the depletion capacitance for reverse 

bias n+/p junction diode and is given by [48]: 
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where CD0 is the zero-bias junction (depletion) capacitance, 

)/ln(/ 2
idai nNNqkT=φ is the built-in potential, M is the junction grading coefficient 

(= 1/2 for an abrupt junction and = 1/3 for the linearly graded junction). Assuming an 

abrupt junction (n+/p-substrate photodiodes), the reverse bias (VD is negative) 

junction capacitance can be written as [45, 46]: 
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where εsi is the permittivity of silicon.  Using the technology data files associated 

with the TSMC 0.18μm CMOS process, we can compute the circuit parameters and 
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add them to the net-list in the SpectreS simulation software. Similarly, some of the 

parameters can also be measured directly 

5.2.2 Modeling of Linear Active Pixel Sensor (L-APS) 

The most commonly-used mode of operation in the APS is by direct integration. This 

is illustrated in Figure 5.5 where the photocurrent is directly integrated over the diode 

capacitance (ignoring other parasitic capacitances). The PD is reset to the reverse bias 

voltage Vreset via the NMOS transistor (shown as a switch in Figure 5.5) and the diode 

capacitance is initially per-charged to this voltage (Vreset). Then the diode current (Iph 

+ Idark) discharges CD for tint seconds (this is called the integration time or exposure 

time. At the end of the integration period, the output voltage Vout is read out. Upon 

reset, both the NMOS transistor gate and the drain are at logical HIGH (or VDD). This 

NMOS transistor can only deliver a voltage = VDD – Vth before it switches off (in 

weak inversion) because VGS < Vth.  

 

Figure 5. 5 Process showing direct integration in L-APS 

Ignoring the dark current, and because the PD is isolated as observed in Figure 5.5, 

the photocurrent Iph is equal and opposite to the capacitor current. As the result, we 

have: 



Chapter 5. APS, FPN Suppression and S/H Circuit        109 

 

phD I
dt
dVVC −=)(         (5.6) 

Referring to Eqn. 5.5, the capacitance CD for the n+/p-substrate PD has the form: 
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Combining these two equations, we end up with the following integral equation: 
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Integrating Eqn.(5.8) and substituting in the appropriate parameters, the diode voltage 

(= VD) as a function of time can be written as: 
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Eqn.(5.9) suggests that the diode voltage bounces between two extreme values with 

the first extreme value occurring at t = 0, when thDDresetD VVVV −==)0(  and the 

other extreme value occurring at t = tint when the diode voltage becomes 

[ ] iasiDphresetiD NqAtIVtV φεφ −−+=
2

intint 2/)()( . 

5.2.3 Simulations and Measurement Results 

Figure 5.6 shows a schematic of L-APS including the biasing transistor on the column 

bus that carries the output current.  To simulate the active pixel sensor, we use the 

equivalent-circuit model showed in Figure 5.3 to replace the PD. The voltage 

controlled current source (VCCS) is used to generate the photocurrent Iph, and a 

geometrical diode model (level-3 SPICE model [48]) is used to compute the “dark” 

circuit parameters (Is, Rs, Rsh, and CD), which takes into account the effects of the 

diode areas and the peripherals. To compute the photocurrent Iph using Eqn. 5.3, the 

light intensity, Lio, is replaced by a voltage supplied to the equivalent-circuit model 
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with its value numerically equal to Lio. A parameterized cell is created to include all the 

circuit parameters used in the calculations. The simulator SpectreS from Cadence is 

used in the calculations and we adopted the BSIM3V3 model parameters for the 

MOSFETs and the PDs.  The model parameters of the PD are listed in Table 5.1. 

Table 5. 1 TSMC 0.18μm CMOS model parameters of Photodiode 

Parameter Value 
Parameter Name 

Area Perimeter 

Junction Capacitance, CD 9.278 × 10-4 F/m2 2.127 × 10-10 F/m 

Dark Current, IS 8.38 × 10-6 A/m2 1.60 × 10-11 A/m 

 

Figure 5. 6 L-APS with biasing transistors and the column bus 

Assuming a PD with square area AD = 20μm × 20μm and perimeter PD = 4 × 20μm, 

we have: 

3881.0)10127.2()10278.9( 104 ≈×+×= −−
DDD PAC  pF 

152.16)1060.1()1038.8( 116 ≈×+×= −−
DDS PAI   fA 
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In addition, we also assume the series resistance Rs and the shunt resistance Rsh to be 

negligible; the reflectivity R = 0; the quantum efficiency η = 1 and monochromatic 

light sources having wavelengths corresponding to λ = 660 nm (red), 555 nm (green) 

and 450 nm (blue), respectively. The energy at these different wavelengths will be 

standardized to give a photocurrent of 20mA. The transistor dimensions of M1, M2 

and M3 in Figure 5.6 are listed in Table 5.2. 

Table 5. 2 Transistor dimensions for L-APS 

Transistor M1 M2 M3 
Width(μm) 1 0.5 0.5 

Length(μm) 0.2 0.2 0.2 

For chip fabrication, the layout of the L-APS is shown in Figure 5.7. The 

measurement setup has been described in Appendix B and Figure 5.8 through Figure 

5.10 show the simulated and measured photo response of the L-APS as a function of 

the luminous intensity at different wavelengths. The light sources have been built 

using (red, green and blue) LEDs adjusted to give the same luminous intensities 

(corresponding to a normalized photocurrent of 20mA). From the results, we find that 

the photocurrents are essentially proportional to the luminous intensity verifying the 

response linearity of the active pixel sensor array. In addition, the figures show that 

there are minor differences between simulations and the measurement results at the 

different luminous intensities and wavelengths. This is nevertheless reasonable as 

simulations are based on the layout schematic (masks) and may not necessarily 

coincide with the physical dimensions of the finished chip. There are also parasitic 

and interconnect resistances and capacitances between the different layers 

(metal-metal, metal-poly, metal-substrate, and poly-substrate, etc.…) not accounted 

for.  
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Figure 5.11 shows the transient response of the L-APS. The top waveform is the reset 

signal and the bottom one is the voltage waveform at the column output. The response 

time shown in the figure is 82ns which means the L-APS should be fast enough to 

meet the designated sampling rate.  

 

Figure 5. 7 Layout of the L-APS 
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Figure 5. 8 Simulated and measured photosensitivity of the L-APS at λ = 660 nm 

 

Figure 5. 9 Simulated and measured photosensitivity of the L-APS at λ = 555 nm 
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Figure 5. 10 Simulation and measured photosensitivity of the L-APS at λ = 450 nm 

 

 

Figure 5. 11 Transient response of the L-APS 
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5.3 FPN Suppression using Correlated Double Sampling 

Technique 

One of the main drawbacks of the CMOS Active Pixel Sensor (APS) is the fact that it 

produces a large fixed pattern noise (FPN) which is caused by mismatch between 

individual pixels or columns of the active devices in the transducer [55,56,58]. Fixed 

pattern noise, which is the result of several random processes occurring during the 

fabrication phases of the CMOS transistors and photodiodes. It is spatial in nature and 

ideally time-independent for a given image sensor. Hence, the word “fixed” is used to 

differentiate it from the temporal random noise which is time dependent. This 

definition of “FPN” is quite general and applies regardless whether the FPN is 

measured in the dark or under illumination. The dark FPN (or offset) is sometimes 

referred to as the Dark Signal Non-Uniformity (DSNU) and is a measure of output 

non-uniformity due to pixel-to-pixel variation in the dark, whereas FPN measured 

under uniform illumination is usually referred to as the Photo-response 

Non-Uniformity (PRNU). This is a measure of the pixel-to-pixel variation at the 

output under uniform illumination [57]. Thus, the total FPN consists of two parts.  

An “offset” component (dark FPN) with contribution to the output signal almost 

unchanged under different illumination and a “gain” component (pure PRNU) with 

magnitude change under illumination [57].  

There are also sources of non-uniformity caused mainly by device and interconnect 

variation (mismatch) across the sensor [52]. These will be discussed in greater details 

in the next section. In the following section, we will analyze the FPN sources and 

describe a novel FPN suppression circuit using Correlated Double Sampling (CDS) 

technique. We shall present measurement results taken from an image sensor designed 

using the given pixel configuration. 
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5.3.1 Fixed Pattern Noise (FPN) Sources 

FPN sources in CMOS image sensors are noise sources accountable for the mismatch 

between device/circuit elements in the imager array, which causes spatial 

non-uniformity. The mismatch in integrated circuits can be primarily attributed to 

several factors. Firstly, the limited quality of the lithographic process reflected as 

variations in physical dimensions [46, 58] of the PDs and/or transistors across the 

imager array such as varying the pixel optical-apertures and device aspect ratios 

(W/L). Secondly, mismatch can be attributed to the variations in the process 

parameters such as the thickness of gate-oxide and doping concentration across the 

wafer resulting from variations in the processing conditions and/or contamination 

during fabrication [58, 59] causing differences in the device threshold voltage across 

the image sensor. Collectively these deviations are responsible for pixel-, column-, 

and/or row-mismatch and their respective noise sources. 

Following the analyses reported in [52] on the schematic of the L-APS as shown in 

Figure 5.12, the major pixel-FPN sources are associated with the geometric variations 

of the photodiode (e.g. AD), the dark current Idark and the transistor parameters (such 

as: Vth, W, L, Col).  The column-FPN is mainly due to variations in Vbias-0, the bias of 

the column current-source-load. The effect of the row-select-switch “ON” resistance, 

rds, is usually neglected by treating it as an ideal switch (Vo ≈ VoF).  

To understand the effect of the different FPN sources, we first analyze the 

equivalent-circuit shown in Figure 5.12. As a start, the source-follower NMOS (MF) is 

in saturation with VGS,F greater than the threshold voltage Vth,F, and VDS,F  is higher 

than VGS - Vth. As the result, ICol can be expressed as: 
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where oxnF Cμβ =  (μn is the electron mobility, oxC  is the oxide capacitance per unit 

area, WF/LF is the aspect ratio of MF, VthF is the threshold voltage of MF and λ is the 

channel-length modulation parameter.  

Referring to the figure, we have oFinFGS VVV −=, . If we neglect the channel-length 

modulation parameter, we can express the output column current in steady state as: 

( )2,2 FthoFin
F

FF
Col VVV

L
W

I −−=
β       (5.11) 

where Vin is the voltage at the sense node (IN) which in this case can be expressed as: 

D
thDDin C

QVVV −−= 1,        (5.12) 

where Vth,1 is the threshold voltage of the reset NMOS (M1), VDD is the supply voltage, 

CD is the capacitance at the sense node (IN) and Q is the charge accumulated on the 

PD. Q is given by : 

( ) DDoldarkphD VCtIjAQ 1,int ++=       (5.13) 

where the Col,1VDD term corresponds to the “feed-through” charge (when the 

reset-transistor is turned off), Col,1 is the reset-transistor (M1) overlap capacitance and 

tint is the integration (exposure) time, 
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Figure 5. 12 L-APS with possible sources of FPN (Idark = photodiode dark current, AD = the 
optical aperture, and CD = capacitance at the sense node (IN). Vth, Col, W, and L are the 

respective threshold voltage, overlap capacitance, gate width, and gate length. rds is the “ON” 
resistance of the row-select-switch [52]) 

Assuming AD to be the optical aperture (the photosensitive area of the PD) and Jph is 

the photocurrent density (in A/cm2), the latter is given by: 
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where λ is the wavelength of the incident light, Lio is the light intensity (in W/m2), η 

is the quantum efficiency assume to be ≈ 1 for controlled room light, q is the electron 

charge (= 1.6 x 10-19 C), h is Planck constant (= 6.62 x 10-34 Js), and c is the speed of 

light in space (= 3 x 108 m/s). From Eqns. 5.11, 5.12, and 5.13, the steady state output 

current (taking into account possible FPN sources) can be written as: 
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Now, we list the possible FPN sources (denoted as Zi), their absolute sensitivities 

(defined as iColi ZIS ∂∂=  and evaluated at the nominal source values) and their 
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effect on FPN as listed in Table 5.3. Assuming uncorrelated sources, the total FPN is 

the standard deviation (σ) of the variations of ICol (Eqn.5.15) around its nominal 

(mean) value due to variations in the k sources (Z1, Z2,..... Zk) around their means 

( )kZZZ ,,, 21 KK  is given by: 
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where,
iZσ  is the standard deviation of the variation of the noise sources around their 

means ( )kZZZ ,,, 21 KK . Now, if we classify (Z1, Z2,..... Zl) as those sources that 

only affect the pixel-FPN (σX) and (Zl+1, Zl+2,..... Zk) as the sources that only affect the 

column-FPN (σY), then the total-FPN (assuming uncorrelated sources) can be written 

as:  

AYXICol

22 σσσ +=          (5.17) 

When compared to the total-FPN in CCD imager sensors (dominated by pixel-FPN), 

the total FPN in L-APS suffers from the larger column-column variations 

(column-FPN) - which usually appears as vertical “lines” in the image. This 

frequently results in considerable degradation of the image quality [52] as illustrated 

in Figure 5.13. 
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Table 5. 3 Possible FPN sources, their sensitivities and associated effects 
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(Zi) 

Sensitivity 

(Si) 
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Figure 5. 13 Total FPN noise L-APS imager (right) compared to total FPN noise in CCD 
imager (left). It is quite obvious that the CMOS APS suffer from additional column-FPN 

which appears as vertical stripes (from [52]) 
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5.3.2 Fixed Pattern Noise (FPN) Suppression Circuit 

Since the deviations in the electrical characteristics of the active devices in the sensor 

array also creates large FPN, an on-chip FPN suppression circuit needs to be 

implemented.  There are many different methods used to reduce FPN.  In [60], for 

instance, the authors presented a dark current compensation circuit that can greatly 

reduce FPN caused by the dark current. The circuit consists of two matched 

photo-MOS-transistors. One will be the active transistor which detects incident light 

and convert it to an electronic signal and the other is a shielded transistor (the incident 

light has no effect on it). These two transistors are connected to the input and output 

of a current mirror and the dark current in the active transistor is cancelled by the dark 

current of the shielded transistor. In [56], the authors presented another FPN reduction 

circuit. They used a feedback loop to control the initial gate voltage of the source 

follower which is activated until the output voltage of the source follower is equal to a 

reference voltage. The circuit consists of a comparator and an inverter. In [46, 53, 57, 

58], the authors also presented a FPN suppression circuit. They used different 

capacitors to hold the reset signal and the light signal (in the form of a current). The 

reset and light levels are then read out separately and correlated double sampling 

technique is used to suppress FPN from the pixel transducers. In another work [59], 

the authors presented a dynamic current-mode FPN suppression circuit. The circuit 

consists of an n-channel dynamic current mirror and a p-channel dynamic current 

mirror. This circuit uses a dynamic current-mode circuit design which we have used 

in our study.  
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Figure 5. 14 Current-mode FPN suppression circuit 

Figure 5.14 shows the current-mode FPN suppression circuit and Figure 5.15 shows 

the timing waveforms. In order to reduce the channel-length modulation effects in the 

memory transistors, we have replaced the two cascode current mirrors in [59] with 

two regulated cascode current mirrors discussed in chapter 3. 

The circuit works as what follows: The input of this circuit is connected to the output 

of the active pixel transducer. Initially, the pixel transducer is at reset and reads out 
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the initial current I1. I1 is input to the FPN suppression circuit during φ1 phase and the 

current is memorized in an N-type SI current mirror during φ1s phase, i.e.,  

IN  = I1         (5.18) 

where IN is the current memorized on the N-type SI current mirror. 

 

Figure 5. 15 Timing waveforms of the current-mode FPN suppression circuit 

During φ2, the pixel transducer outputs the current I2 which flows into the circuit with 

the N-type current mirror in the copying (output) phase and the P-type current mirror 

in the memorizing (input) phase. As a result, the current IP is memorized in the P-type 

current mirror and is given by: 

IP = IN − I2 = I1 − I2             (5.19) 

During φ4 with the P-type current mirror in the output phase, the FPN suppression 

circuit outputs Iout (= IP). According to Eqn. 5.19, the resultant current in principle is 

free of FPN.  

In Figure 5.14, we have used two regulated cascode (SI) current mirrors. The 

accuracy of these SI current mirrors will have effects on the output current IP. To 
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minimize potential effects, we have chosen regulated cascode current mirrors having 

high bit accuracy (this has been discussed in Chapter 3).  In addition, we have used 

an NMOS dummy switch (Md2 and Md2′ in Figure 5.14) in the N-type current mirror 

and a PMOS dummy switch (Md1 and Md1′ in Figure 5.14) for the P-type current 

mirror. The differences between the input currents and output currents for the current 

mirrors ought to carry the same sign [51, 53, 57]. As a result, current subtraction as 

shown in Eqn. 5.19 ought to result smaller differences between the inputs and outputs.  

Table 5.4 and Table 5.5 list the transistor dimensions used in the FPN suppression 

circuit. The capacitors used in the N-type current mirror and the P-type current mirror 

have values of 0.2pF. To simulate this circuit, we use the “Monte Carlo” tool in 

CADENCE. Unfortunately, at that time the University of Victoria does not have the 

proper license for this tool and we were unable to simulate the FPN suppression 

circuit. In [59], a FPN suppression rate of 0.5% has been reported. 

Table 5. 4 Transistor size for the P-type current mirror in Figure 5.14 

Transistors M1p M2p M3p M4p Md1 Md1
' 

Width(μm) 0.5 0.5 1.5 0.5 0.5 0.5 

Length(μm) 2.2 0.5 0.5 0.2 0.5 0.5 

Table 5. 5 Transistor size for the N-type current mirror in Figure 5.14 

Transistors M1n M2n M3n M4n Md2 Md2
' 

Width(μm) 0.5 3.2 1.5 0.5 0.5 0.5 

Length(μm) 0.8 0.2 0.5 0.2 0.5 0.5 

5.3.3 Test Results and Measurements 

Figure 5.16 shows the layout of the P-type current mirror and one of the switches (φ2) 

shown in Figure 5.14. Similarly, Figure 5.17 shows the layout of the P-type current 

mirror and one of the switches (φ1) shown in Figure 5.14. A metal-to-metal capacitor 

(MiM capacitor) is created in the layout. Through the Canadian Microelectronics 
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Corporation (CMC), the design was manufactured by Taiwan Semiconductor 

Manufacturing Company （TSMC） using the standard 0.18µm, single poly, six metal, 

salicide CMOS process.  

 

Figure 5. 16 Layout of the P-type current mirror showing one of the switches (φ2) 
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Figure 5. 17 Layout of the N-type current mirror showing one of switches (φ1) 

In the analyses, the column-FPN can be calculated by the following formula: 
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where j is the number of columns, jP  is the column-mean <column>, and P is the 

mean of the entire array. According to this formula, the column-FPN is determined by 

calculating the variations of the column-mean <columns> from the mean of the entire 

data array. 

The test results of the FPN suppression circuit is shown in Figure 5.18. During the 

measurement, the difference of the input currents I1 and I2 changes from a value of 

-10μA to 10μA. The results show that the FPN suppression rate is less than 0.35%, 
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thereby suggests that our FPN suppression design is very effective in eliminating the 

column-FPN in the L-APS.  
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Figure 5. 18 Measurement Results of the FPN in the column bus for different current inputs 

5.4 Sample and Hold (S/H) 

Once the current signals pass through the FPN suppression circuits, the outputs are 

FPN-free and are suitable for further current-mode processing. In our design, we need 

to compress the video image by detecting the current differences in the pixels for the 

successive frames and to do that the column current output is connected to a sample 

and hold (S/H) circuit.   

5.4.1 Circuit Configuration and Operation 

Because it is not possible to store the currents, the S/H circuit essentially performs 

current-voltage conversion. For current-mode circuits, the sample and hold circuit 

consists of a current mirror and a capacitor. The current mirror samples the input 

current on the gate of a MOSFET and outputs a current that is controlled by the same 

gate voltage equal to the input current. This current is then used to generate a 
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corresponding voltage across a capacitor. The main performance limitation of a 

current mirror is clock feed-through associated with the switching of the MOSFET. 

There are two mechanisms causing the clock feed-through error. The first mechanism 

is due to the channel charge at the timing when transistor turns off.  When it turns off, 

the channel charge will flow out of the channel region to the drain and the source 

thereby changing the current across the output capacitor. The second mechanism is 

associated with capacitive coupling between the gate and the source to which the 

memory capacitor is connected through overlapping capacitance. This will generate 

glitches at the output. 

 

Figure 5. 19 A schematic of the sample and hold circuit (n-channel transistors) 

An improved current mirror with an error feedback scheme has been reported that 

yields an absolute current error of less than 0.1% [60]. However, its operating speed 

was slow due to error feedback. In this section, we will introduce a new design with 

the compensation of charge injection and clock feed-through.  The circuit 
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configurations of n-type and p-type S/H are shown in Figure 5.19 and Figure 5.20, 

respectively.  

  

Figure 5. 20 A schematic of the sample and hold circuit (p-channel-transistors) 

In order to reduce charge injection and clock feed-through in the S/H circuit, a 

dummy switch is employed. In addition, an improved regulated cascode configuration 

is used to reduce the output conductance and channel-length modulation effects. 

Compared to the normal CMOS switch the use of a dummy switch results in smaller 

errors. In theory, charge injection and clock feed-through effects in the dummy switch 

and in the CMOS switch ought to be the same since both type of switch use 

complementary clock signals and they can cancel each other. However, the approach 

using a CMOS switch rather than a dummy switch requires more precise control of 

the complementary clock pulses (the clock pulses must be switched at exactly the 

same time).  We have also assumed that the input voltage will be small as the rise 

time and fall time of the turn-on and turn-off waveforms also depend on the input 

voltage in the case of the CMOS switch. In the practical design, these requirements 
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may be somewhat difficult to meet. The transistor dimensions are shown in Table 5.6 

and Table 5.7. The capacitor used in this S/H circuit is 0.2pF.  

Table 5. 6 Transistor sizes for the sample and hold Circuit in Figure 5.19 

Transistors M1n M2n M3n M4n Md2 Md2
' 

Width(μm) 0.5 3.2 1.5 0.5 0.5 0.5 

Length(μm) 0.8 0.2 0.5 0.2 0.5 0.5 

Table 5. 7 Transistor sizes for the sample and hold circuit in Figure 5.20 

Transistors M1p M2p M3p M4p Mdp Mdp
' 

Width(μm) 0.5 3.2 1.5 0.5 0.5 0.5 

Length(μm) 0.8 0.2 0.5 0.2 0.5 0.5 

5.4.2 Simulations and Measurements 

The detail operation of the improved cascode current mirrors used in the sample and 

hold circuit has been described in Chapter 3. Therefore, we can use the simulations 

reported previously to compare with the measurement results in this section. The 

layout of the S/H circuit (N-type) is shown in Figure 5.21. A metal-to-metal capacitor 

(MiM capacitor) is created in the layout.  Figure 5.22 shows the bit-resolution of the 

N-type sample and hold (S/H) circuit for an input current range between 1μA and 

150μA, and Figure 5.23 shows bit-resolution for an input current between 1μA and 

100μA. The percent error is given by Abs|(Iinout1 –Iinout2)|/Iinout1*100%. We can notice 

from Figure 5.22 that the bit-resolution becomes much worse above an input current 

of 100μA in the N-type sample and hold (S/H) circuit. Nevertheless, if we limit the 

input current to between 10μA and 85μA, we still can achieve 9 bits of resolution, 

which satisfies our design requirement of the image sensor.  

For the P-type sample and hold (S/H) circuit, Figure 5.24 shows the bit-resolution for 

input current range between 1μA and 150μA and Figure 5.25 shows the bit-resolution 

for an input current between 1μA and 100μA.  Similar to the N-type sample and 
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hold (S/H) circuit, the bit-resolution also becomes worse beyond an input current of 

100μA. Again, if we limit the input current to between 5μA and 90μA, we can 

achieve a bit-resolution of 11 bits of resolution which is quite high. Thus, the 

measured performance of P-type sample and hold (S/H) circuit is far better than the 

N-type sample and hold (S/H) circuit. This is consistent with our observations in 

Chapter 3 where we experiences better performance on for PMOS current mirror than 

for the NMOS current mirror.  

 

Figure 5. 21 Layout of the S/H circuit (n-channel transistors) 



Chapter 5. APS, FPN Suppression and S/H Circuit        132 

 

0

5

10

15

20

25

30

35

0 50 100 150

Input Current(uA)

%
Er

ro
r

 

Figure 5. 22 Measured bit-resolutions in the N-type S/H circuit (Iin = 1μA ~ 150μA) 
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Figure 5. 23 Measured bit-resolutions in the N-type S/H circuit (Iin = 1μA ~ 100μA) 
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Figure 5. 24 Measured bit-resolutions in the P-type S/H circuit (Iin = 1μA ~ 150μA) 
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Figure 5. 25 Measured bit-resolutions currents of the P-type S/H circuit (Iin = 1μA ~ 100μA) 
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Chapter 6 

Analog to Digital Converter 

The pre-processed signals in our image sensor described in the previous chapters are 

analog signals. To perform the digital signal processing on the output signals, they 

have to be first converted to equivalent digital signals. Also, on-board analog signals 

are less immune to noise and signal integrity issues. Therefore digital interface for the 

image sensor is required. To implement an image sensor with full digital interface 

requires an on-chip analog to digital converter (ADC). Various considerations for the 

choice of the ADC architecture and implementation of a high speed ADC in standard 

CMOS technology will be presented in this chapter. 

6.1 A/D converter architectures 

Various ADC architectures have been developed over the years, each with different 

tradeoffs with respect to power, speed, and accuracy. A brief introduction and 

comparison of A/D converter architectures is presented in the following section. 

6.1.1 Flash A/D Converter 

A simple way to make a high-speed A/D converter is to use a flash structure [61-66], 

as shown in Figure 6.1. This type of converter consists of an array of 2n −1 

comparators with n being the number of bits. Each comparator is connected with one 

input to input voltage and with the other input to a reference voltage. This reference 

voltage is generally generated by a resistor ladder. The outputs of the comparators are 

fed into encoding logic that generates the data bits. Flash ADCs are generally 

considered to be the fastest converters of the common ADC structures which can offer 

speed at hundreds of mega samples per second. The advantage of this flash converter 
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is its ease of design and its inherently good high frequency behavior. However, there 

are several drawbacks. One is that the hardware complexity increases exponentially 

with the resolution because it needs a 2n −1 comparator circuits. This also means that 

the power dissipation and the chip area increase exponentially with the resolution. The 

second drawback is that the analog input must drive the large nonlinear input 

capacitance of the comparators. For example, the input capacitance for a 8-bit flash 

ADC converter is typically 15-30pF and the driving current reaches 30-60mA for a 

100 MHz, 3 V p-p input signal, therefore large signal distortion may occur, further 

aggravated by the nonlinearity of the input capacitance. The third disadvantage is that 

the mismatch in the resistor reference ladder and the unequal input offset voltage of 

comparators limits the resolution to about 8-bit in CMOS technologies [67]. 

 

Figure 6. 1 Flash ADC architecture 

6.1.2 Interpolating Flash A/D Converter 

Interpolating converters are proposed to reduce the input capacitance and number of 

preamplifiers in flash architectures. This kind of A/D converter makes use of input 

amplifiers, as shown in Figure 6.2. These input amplifiers behave as linear amplifiers 
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near their threshold voltages but are allowed to saturate once their differential inputs 

become moderately large. As a result, no critical latches need only determine the sign 

of the amplifier outputs since the differences between the input signal and threshold 

voltages have been amplified. 

The main benefit of an interpolating architecture is the reduction in the number of 

differential pairs attached to the input signal. Such a reduction results in a lower input 

capacitance, which is quite high for a flash converter, slightly reduced power 

dissipation, and a lower number of accurate reference voltages that need to be created. 

 

Figure 6. 2 A 4-bit interpolating A/D converter 
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6.1.3 Successive-approximation-register (SAR) A/D converter 

 

Figure 6. 3 SAR A/D converter architecture 

Although there are many variations in the implementation of a SAR ADC [68-71], the 

basic architecture is quite simple as shown in Figure 6.3. The analog input voltage 

(VIN) is held on a track/hold. To implement the binary search algorithm, the N-bit 

register is first set to midscale (that is, 100... .00, where the MSB (Most Significant 

Bit) is set to '1'). This forces the DAC output (VDAC) to be VREF/2, where VREF is the 

reference voltage provided to the ADC. A comparison is then performed to determine 

if VIN is less than or greater than VDAC. If VIN is greater than VDAC, the comparator 

output is logic high or '1' and the MSB of the N-bit register remains at '1'. Conversely, 

if VIN is less than VDAC, the comparator output is logic low and the MSB of the 

register is cleared to logic '0'. The SAR control logic then moves to the next bit down, 

forces that bit high, and does another comparison. The sequence continues all the way 

down to the LSB (Least Significant Bit). Once this is done, the conversion is complete, 

and the N-bit digital word is available in the register. 

The primary advantage of the SAR ADC is that the circuit complexity and power 

dissipation are less than those found in most other types of ADCs [72]. The main 

limitations of the SAR architecture are the lower sampling rates and the requirements 
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for the building blocks (such as the DAC and the comparator) to be as accurate as the 

overall system. 

6.1.4 Pipeline A/D converter 

Pipeline A/D converter architecture consists of high speed, low resolution cascaded 

stages to obtain a final conversion [73-76]. Figure 6.4 shows the architecture of 

pipeline ADC. A Pipeline ADC operates by using a Sample-And-Hold (S/H) to 

quantize the analog input for a X-bit Flash ADC to produce a bit 1 or bit 0, where X is 

small (i.e. X=3 or less). This output is sampled and fed into a 

Digital-Analog-Converter (DAC) and the analog input is subtracted by the output of 

the DAC to produce a residue value. An amplifier is then used to amplify the residue 

for the next stage (or next bit Flash ADC) to repeat the same process, and this process 

continues down the pipeline for the number of stages equal to the resolution of the 

Pipeline ADC. Each of the sampled output bits of each stage (from the MSB, or Most 

Significant Bit, to the LSB, or Least Significant Bit) are determined at different times 

and a shift register is used to align the bits and fed into the error correction block (to 

reduce the accuracy requirement of the flash ADCs) before being output as a X-bit 

word. 

The speed of the Pipeline ADC is limited by the amplification stage. The pipelining of 

X-bit Flash ADCs for each pipeline stage offers high speed, and the reduction of 

accuracy of the later pipeline stage lowers the power consumption versus a Flash 

ADC. However, the amplification block is the limiting component in making a faster 

Pipeline ADC. The amplification block features a 2-stage op-amp with a 

common-mode feedback amplifier, and the common-mode feedback amplifier is the 

slowest component in the Pipeline ADC. In addition, both the 2-stage op-amp and the 
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common-mode feedback amplifier consume large amounts of power, so if the 

amplification stage could be replaced by a block performing a similar function but a 

higher speed, the Pipeline ADC could run faster [77].  

 

Figure 6. 4 Pipeline ADC architecture 

6.1.5 Structure comparisons 

Over the years different architectures optimal with respect to one or more of the 

performance metrics have been developed. As a detailed overview of the most popular 

ADC architectures would require a lengthy discussion, only a table outlining the 

strengths of popular architectures is presented below. The pipeline architecture 

however will be discussed in detail, as it is the architecture used in our work.  

Table 6. 1 Comparison of A/D converter architectures 

ARCHITECTURE SPEED ACCURACY AREA 

Flash High Low High 

Folding/Interpolating Medium-High Low-Medium Medium-High

Delta-Sigma Low High Medium 

Successive Approximation(SAR) Low Medium-High Low 

Pipeline Medium Medium-High Medium 
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6.2 Current-mode Pipeline Analog-to Digital Converter 

6.2.1 Introduction 

The final choice of pipeline converter was driven by energy considerations, ease of 

design, and hardware flexibility. As the image sensor we designed works in current 

mode, a current mode operation in A/D converter could be used to replace the voltage 

operation by removing the amplifier in its entirety. As a result, current mode operation 

would increase speed of a pipeline ADC and decrease power consumption. A current 

mode pipeline ADC block consists of a Sample-and-Hold (S/H) circuit in between 

low resolution ADC (i.e. 1-bit) so that the input current, or the input signal, is 

compared with a reference current to perform 1-bit algorithmic analog-to-digital 

conversion. The current mode ADC block is then cascaded in a pipeline fashion to 

make a current mode pipeline ADC, so that the output of the aforementioned stage is 

the input current of for the next stage. Given the input current Iin, the binary decision 

of the ADC with reference current IREF is given by [78]: 
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       (6.1) 

Similar to the operation of a voltage mode pipeline ADC, the current mode pipeline 

ADC will have a resolution equal to the number of stages of cascaded 1-bit ADCs 

described above. 

Also, similar to the voltage mode operation, once a stage has carried out an operation 

and provided an output current for the input to the next stage (i.e. Iout1 = Iin2; Iout2 = Iin3) 

it can process the next sample. Thus, each stage of the pipeline ADC may be 

processing continuous samples being fed into the overall current mode pipeline ADC 

concurrently. It can also be seen that, similar to the voltage mode operation, the 
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overall speed of the current mode pipeline ADC is determined by the speed of the 

speed of each stage [78].  

Another motivation to employ current mode operation as the alternative to voltage 

mode operation is the reduced voltage supply that comes with a reduction in device 

sizing. At sub-micron technology, low-voltage design becomes difficult [79].  

The tradeoff for current mode operation, versus voltage operation, is the precision of 

transferred and processed current. Variations in current would result in variations in 

transistor properties Vth and β. As the resolution increases, the precision of the overall 

device becomes a limiting parameter in designing higher resolution pipeline ADCs; to 

date, 8-bit and 10-bit resolution have been the most common for current mode 

operation.  

In our work, 8-bit cells are cascaded with output current of one cell connected to the 

input of the following cell to produce an 8-bit current-mode pipeline converter. As 

illustrated in Figure 6.5, a current-mode S/H block was introduced between each cell 

to make pipeline operation possible. The input current is compared with the reference 

current during the conversion cycle to perform a 1-b analog-to-digital conversion.  

In pipeline ADC each stage carries out an operation on a sample, provides the output 

for the following sampler, and, once that sampler has acquired the data, begins the 

same operation on the next sample. Thus, at any given time, all the stages are 

processing different samples concurrently, and hence the throughput rate depends 

only on the speed of each stage [72]. 

6.2.2 Circuit Building Blocks  

It is important to analyze the function of every circuit building block and how the 

implementation and performance of those blocks will affect the ADC as a whole. 
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Understanding these relationships is important in order to achieve a final design 

which will in fact meet all of the desired specifications.  

 

Figure 6. 5 1-bit cells cascaded to 8-bit pipeline ADC converter 
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6.2.2-A Current Sample and Hold(S/H) Circuit 

We employ an improved regulated cascode current mirror combined with a sample 

capacitor and a dummy switch to perform current-mode sample and hold. The 

schematic is shown in Figure 6.6 below. For this circuit, the sampling is accomplished 

by closing the dummy switch thereby allowing Iout to track Iin. Then during the hold 

phase, switch is opened and Iout is held constant due to the charge trapped on the 

capacitance at gate of M1. Such a circuit’s accuracy is primarily limited by matching 

of M1 and M1
’ and also the mismatch between threshold voltages (Vth) of the two 

devices.  

 

Figure 6. 6 Current-mode sample and hold(S/H) circuit 
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6.2.2-B Current Comparator  

 

Figure 6. 7 CMOS current comparator 

Current comparator is the main block which determines the speed of the overall 

design, as the clock should sample only after the first decision is made by the 

comparator. An appropriate current comparator proposed in Chapter 4 will be used in 

this ADC design.  Figure 6.7 shows the circuit configuration of this CMOS current 

comparator. As described in previous chapter, it employs a NMOS cascode current 

mirror (M1 - M4) at the input to replicate the input current Iin. Then it drives a PMOS 

active current-source load (M5 - M8) to convert the current difference between Iin and 

Iref (the reference current) to an input voltage to the remaining circuits. A CMOS 

complementary amplifier (M9 - M12) together with the inverting amplifier (M13 and 

M14) and two resistive-load amplifiers (M15 and M16; M17 and M18) act as two gain 

stages. The last three CMOS inverters (M19 - M24) are used to produce the rail-to-rail 

output voltage.  
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6.2.2-C Current Mirror  

Current Mirror is the basic unit in both, the bit-cell and S/H block, so they must 

display excellent current matching, for that, the device must display high output 

resistance and good device matching characteristics. We proposed an improved 

regulated cascode current mirror in Chapter 3. The circuit configuration is shown in 

Figure 6.8. By adding transistors M4 and M4' and biasing transistor pairs of M4, M4' 

and M3, M3’ in weak inversion, we can increase the loop gain and the output 

resistance substantially.  

 

Figure 6. 8 Current mirror (NMOS) 

6.2.2-D 1-bit cell 

The circuit schematic of the 1-bit cell is shown below in Figure 6.9. The conversion is 

explained as follows. The current input Iin is first doubled using the improved 

regulated cascode current mirror, where M1’ is twice the size of M1. The signal 2Iin is 

mirrored from M5 through M8 to the current comparator and through M9 and M10 to 
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the output. Current comparator is used to compare 2Iin with Iref, the reference current. 

If 2Iin is less than Iref, the digital output goes low and M33 remains off, resulting in an 

output current of 2Iin (from M9 and M10). On the other hand, if 2Iin exceeds Iref, the 

digital output will be high causing M33 to be ON. With M33 ON, Iref from M15 and M16 

will be subtracted from 2Iin (from M9 and M10) resulting in an output current of 2Iin - 

Iref which is equivalent to the residue of the conversion. This completes the 1-bit 

conversion. 

6.2.3 Simulation results 

The simulation results on building blocks S/H circuit, current mirror and current 

comparator are reported in previous chapters. In this section, we will present the 

simulation results on 1 bit ADC cell and the whole design of 8-bit pipeline ADC. 

6.2.3-A Simulation results on 1-bit cell 

We simulated the 1-bit cell using 0.18μm TSMC 1P6M CMOS process SPECTRE 

model parameters with 1.8V power supply. The transistor dimensions are listed in 

Table 6.2. 

Table 6. 2 Transistor dimensions for the 1-bit cell (I = I' = 10nA) 

Transistors Width(μm) Length(μm) Transistors Width(μm) Length(μm)
M1 0.5 0.5 M18 2 0.2 
M1

' 1 0.5 M19, M20, M22 0.5 0.2 
M2, M2

' 2 0.2 M23, M25 1 1 
M3, M3

'
, M4, M4

' 4 0.2 M24, M26 1 0.55 
M5 – M10 7 0.2 M27, M29, M31 2 0.2 
M11 – M16  0.5 0.2 M28, M30, M32 0.5 0.2 
M17, M21 1.2 0.2 M33 0.5 0.5 

Fig 6.10 shows the transient response of the 1-bit cell. From the simulation result, we 

can see the 1-bit cell ADC can operate at 150MHz.  
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Figure 6. 9 1-bit cell to implement a one-bit algorithm conversion 



Chapter 6. Analog to Digital Converter        148 

 

 

Figure 6. 10 Simulation result on 1-bit cell 

6.2.3-B Simulation results on 8-bit ADC 

There are many different metrics used to characterize ADC performance. Depending 

on the particular application, the ADC performance is often specified in different 

ways. In the following part, we will introduce a few most common ADC 

specifications.  

The first characteristic is the resolution used to represent the analog signal. A high 

resolution is desirable since it ensures reduction of noise inherent in the quantization 

process. Quantization operation is also characterized by signal to noise ratio (SNR) 

which is the ratio of the output signal power to the output noise power. The maximum 

SNR for an N-bit ideal converter with a full-scale sinusoidal input can be expressed as 

follows: 

)(76.102.6max dBNSNR +=        (6.2) 

For example, for an 8-bit converter the maximum SNR is 49.92dB. However, in 

practice, the SNR of most 8-bit AD converters is not able to reach this number. Using 

the actual SNR and solving for the equivalent resolution, a figure of merit called the 

number-of-effective-bits, Neff, can be expressed as: 
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= actual
eff

SNR
N           (6.3) 

The number-of-effective-bits, sometimes referred to as effective-numbers-of-bits 

(ENOB) is a commonly used metric for characterizing the performance of non-ideal 

quantizers. ENOB or SNR (corresponding to a given ENOB) is the second important 

characteristic of an A/D converter. 

The third characteristic of an ADC is the sampling rate. The sampling rate is the speed 

at which analog input simples can be continuously converted into a digital word. In 

most applications the sampling rate of an ADC is determined by the analog signal 

bandwidth, because the sampling rate has to be at least twice the highest input 

frequency in accordance with Nyquist's theorem.  

Besides of the above characteristics, the last two most common ADC specifications 

for all applications to determine the time-independent parameters that characterize the 

performance of an ADC are differential nonlinearity (DNL) error and integral 

nonlinearity (INL) error. Once these two parameters are measured, the input/output 

characteristic of the ADC can be obtained. 

A. Signal-to-Noise (SNR) and Distortion Ratio (ENOB) 

The Fast Fourier Transform (FFT) test approach was used to characterize the 

performance of the ADC and evaluate how well the converter transforms a known 

analog input signal into digital data. A pure sinusoid input is commonly used for this 

test. After converting this signal, the frequency components of the digital output 

stream are determined by performing a discrete Fourier Transform. Ideally, except for 

quantization noise, the transform will indicate that the digital waveform of the 

converter has only one spectral component, the component which corresponds to the 

input signal. Any nonlinearity in the converters transfer function will result in spectral 

frequencies other than the input frequency being presented in the Fourier transformed 
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data. By examining the spectral content of the output digital waveform, the SNDR (or 

ENOB) of the ADC can be determined. 

One advantage of the FFT test is that all error sources are included in the results. In 

addition, the performance of the A/D converter at its specified sampling rate and input 

bandwidth can be easily examined. 

The typical configuration for FFT testing is illustrated in Figure 6.11. An ideal 

sinusoidal signal is applied to the A/D converter under test. The performance of the 

ADC is simulated using SPECTRE. The digital data Stream obtained from SPECTRE 

is converted to an analog signal through an ideal DAC constructed by a program. The 

SNDR (or ENOB) of the system can be obtained by performing the FFT analysis of 

the reconstructed analog signal through MATLAB. Fig. 6.12 shows that the simulated 

ENOB at different input frequencies when the A/D converter is clocked at 20 

MSamples/s. 

 

Figure 6. 11 Dynamic performance of the ADC simulation setup 

Based on the simulation results of the A/D converter, the ADC is expected to achieve 

an ENOB greater than 7.2bit when input frequency is less than 60 KHz.  
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Figure 6. 12 Dependence of the effective number of bits (ENOB) on the input signal 
frequency fin 

B. Differential Nonlinearity (DNL) and Integral Nonlinearity (INL) 

One very common and straightforward method used to determine the differential 

nonlinearity (DNL) and integral nonlinearity (INL) error for an ADC is histogram 

testing. Histogram testing subjects the ADC to an input with a known time domain 

characteristic with some ideal output code histogram. Then the actual histogram of 

output codes is compared with the ideal output histogram to determine the error in the 

ADC. 

The 8-bit ADC presented was characterized with a transient simulation. The total 

transient simulation time was 12.8μs to include the 256 digital codes. A full-scale 

ramp signal (from -128μA to 128μA) was applied, and a digital output code was 

produced every 50ns. In essence, the sampled input current of the ADC is 

incremented by an LSB for each successive conversion cycle until the full-scale value 

is reached. 

Using a Matlab script, the analog estimate corresponding to each digital code was 

calculated from the SPECTRE simulation output file. Figure 6.13 and Figure 6.14 
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show the DNL and INL plots, respectively. From the figures, it can be seen that the 

maximum DNL error does not exceed ±0.43 LSB. Similarly, the maximum INL error 

does not exceed ±0.45 LSB. According to the simulation results, it can be said that the 

response of this ADC is monotonic and, hence, no missing codes resulted.  

 

Figure 6. 13 Differential Nonlinearity for the 8-bit ADC 

 

Figure 6. 14 Integral Nonlinearity for the 8-bit ADC 
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6.3 Summary and Discussion 

A low voltage, high speed, current-mode CMOS pipeline A/D converter is presented 

in this chapter. The design of each individual circuit block in the A/D converter was 

discussed. The application of improved regulated cascode current mirror is used for 

achieving high precision characteristics in the current-mode sample-and-hold circuits, 

current amplifier and current source. And a new current comparator circuit is 

employed to increase the resolution and processing speed. The simulation results 

show that the proposed current-mode A/D converter can achieve 8-bit accuracy with a 

sampling rate up to 20MS/s. The ADC performance is summarized in Table 6.3. 

Table 6. 3 Current-mode pipeline A/D converter performance 

CMOS Technology 0.18μm 
Resolution 8 bit 

Sampling rate 20MS/s 
DNL ±0.43 LSB 
INL ±0.45 LSB 

Supply voltage 1.8V 

The ADC presented in this work performed well and achieved the required design 

goals. As with any design though, there are improvements that could be made. Two 

areas which are particularly interesting to pursue are achieving higher speed and 

increasing the resolution of the ADC. The sampling rate of the current-mode pipeline 

ADC is limited by the speed of current-mode S/H circuit and the speed of current 

comparator as they directly affect the processing time at each 1-bit conversion stage. 

Hence, the sampling rate can be increased if we can improve the design of S/H circuit 

and current comparator to achieve better transient response without decreasing the 

resolution. 

Though the resolution of the ADC can be increased by simply increasing the number 

of bit-cells but that is restricted by the mismatches as the error propagates from the 
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first block to the last and keeps on accumulating. Therefore, the last block sees the 

accumulated error and which can cross over 1 LSB and giving missing codes in the 

ADC output. Thus, design of mismatch insensitive current mirror and comparator 

would be the future work to improve the accuracy. 
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Chapter 7 

Summary and Conclusions 

7.1 Summary 

As the imaging market continues to expand with new emerging applications, CMOS 

image system has become a major research topic because it allows a high level 

integration of on- chip logic, memory and signal processing functionalities. 

Contributions of this thesis have been made to develop a methodology to design a 

current-mode CMOS image sensor array with data compression capability. In addition, 

we also designed circuit blocks needed for this image sensor. Several novel circuit 

blocks have been proposed and simulated with the design tested on prototype chips 

fabricated using the 0.18μm CMOS processing technology. The results are 

summarized in current section. 

The design of this current-mode CMOS image sensor array with data compression 

includes many analog circuit blocks such the current mirrors, the FPN suppression 

circuit, the current comparators, the pixel transducer, the sample and hold circuit as 

well as an analog to digital converter. For a current-mode imaging system, the current 

mirrors are the essential building blocks and in Chapter 3, we have examined their 

design in details. We have analyzed, simulated and measured several different current 

mirrors including the basic current mirror, the cascode current mirror and the 

regulated cascode current mirror. Based on our analyses, we have decided to use an 

improved regulated cascode current mirror which ought to best serve our need. This 

current mirror uses feedback transistors operating in weak inversion to improve the 

output impedance. By choosing proper transistor sizes and layout techniques, we have 
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minimized the mismatches and were able to design the current mirror with an 

accuracy of 11 bits at 200MHz. By comparing simulations with measurements, we 

came to the conclusion that the new regulated cascode current mirror has been highly 

optimized and ought to satisfy our design specifications.  

The conditional replenishment video data compression (CRVDC) algorithm was used 

to compress image signals captured by the pixel transducers. The performance of our 

image sensor depended critically on the sensitivity of the current comparators. In 

Chapter 4, we presented the analyses, simulations and measurements on the fabricated 

CMOS current comparators. We have proposed two new CMOS current comparator 

configurations and compared their performance with other designs previously reported 

in the literature. Our simulation results suggested that as far as the propagation delay 

was concerned, the new current comparators were superior. We have also tested the 

speed of the new CMOS current comparators through fabricated prototype chips. The 

measurements showed that the propagation delay was approximately 10ns at an input 

current of ±1μA which translates to a frequency of 100MHz.  This ought to satisfy our 

design requirements.  

An array of pixel transducers has been designed to convert incident light to electrical 

current. The details were discussed in Chapter 5. Although photo-gate active pixel 

transducers are more suitable for use in the CMOS fabrication process, we have 

chosen to use photodiode-type active pixel transducers because they offered better 

performance. In this work, we examined the characterization and modeling of the 

CMOS-compatible photodiode transducer. This was followed by simulations and 

measurements on a single active pixel sensor with a light-sensitive area of 400μm2 

(20μm × 20μm). By comparing simulations to measurements, we have found that such 
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the CMOS active pixel sensor indeed had good linearity when operated at a speed in 

excess 10MHz.  

The main drawback of the active pixel sensor has been the rather large fixed pattern 

noise (FPN) which we discussed in Chapter 5. A novel on-chip offset-FPN 

suppression technique was used. The implementation of this technique uses correlated 

double sampling (CDS) which is straightforward and yet very effective in reducing 

offset-FPN in the CMOS image sensor. Measurements on a fabricated prototype chip 

using the standard 0.18μm CMOS process technology showed that the offset-FPN 

suppression rate was approximately 0.35%. The major limitations using CDS for FPN 

reduction in the CMOS image sensor lie in the fact that the technique can not remove 

row-FPN or pixel-FPN because of their gain sources cannot be eliminated. In addition, 

CDS will not remove kTC noise because this noise source is uncorrelated. 

Finally, we also examined an 8-bit current-mode pipeline ADC (Analog-to-Digital 

converter) which was used to provide digital interface. This was discussed in Chapter 

6. Based on the simulations of a 1-bit cell and the whole pipeline ADC, we found that 

the ADC was indeed monotonic and had an Integral Nonlinearity (INL) of ±0.45 LSB 

and a Differential Nonlinearity (DNL) of ±0.43 LSB. 

7.2 Recommendations for future work 

Our work focused on the design of circuit blocks for use in a current-mode 

computational CMOS image sensor. Future work may include the following: 

1) We only focused on the individual design of the circuit blocks used in the 

current-mode CMOS image sensors. It will be necessary to complete the design of 

the full array and fabricate the chip in its entirety. 
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2) In this work, we designed the circuit blocks. As mentioned earlier, the 

performance of these circuit blocks is determined by those of the current mirrors 

and the current comparator. For the current mirrors, we have obtained 11 bit 

resolution at 200MHz based on our measurements and for the current comparator, 

the attainable speed was 100 MHz at the input current of ±1μA. Although the 

performance satisfies the design specifications of our CMOS image sensor, the 

difference between simulations and measurements are noticeable. In the future 

design, one may need to experiment with more effective layout techniques to 

improve the performance of these critical circuits so as to improve the overall 

system performance. 

3) If the performance of CMOS imagers is to be further improved, it is critical that 

the dark current in the pixel transducers has to be lowered. It is known that the 

layout configuration and circuit environment can significantly influence the size 

of the dark current. In the future design, we need to change the layout of the pixels 

to optimize the area-to-perimeter ratio in order to reduce the effects of surface 

states on the dark current. In addition, we may employ multiplexed pixels where 

the in-pixel source follower is shared between neighboring pixels. Experimental 

validation of this type of construction has shown that it is quite feasible provided 

that correlated double sampling is used in a way as to suppress FPN associated 

with the variations in the gate-drain interconnect capacitance. 

4) In this work, we only performed simulations on the current-mode ADC. It is 

necessary to implement and test the design on a fabricated prototype chip to verify 

its performance. Moreover, we can also employ 1.5 bit-per-stage in the design to 

increase the bit resolution without reducing the accuracy of the ADC. 

5) With the reduced set of image data using the CRVDC algorithm, it is possible to 
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incorporate intelligent on-chip image processing functionalities. Possible future 

exploration includes the replacement of the single global threshold (in the 

comparators) with local adaptive thresholds to implement on-chip advanced image 

processing functionalities such as edge/change/motion detection, image 

segmentation and adaptive scanning with simultaneous high-quality video output. 

These real-time image processing techniques have great potentials to be employed 

in applications where integrated functionalities are advantageous such as for use in 

industrial inspection, target tracking and navigation. 
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Appendix A 

CMOS Process Technology and Layout Techniques 

A.1 Introduction 

Over the last thirty years, the evolution of CMOS technology has followed Moore’s Law, 

which states that: a new technology generation is developed every three years and that, 

between generations, memory capacity increases by a factor of four and logic circuit 

density increases by a factor of between two and three. Further, every six years, or two 

generations, the feature size decreases by a factor of two; transistor density, clock rate, chip 

area, chip power dissipation and the maximum number of pins doubles. This continual 

development has led to a reduction in the state-of-the-art, commercially available, 

minimum lithographic feature size from 3μm in 1977 to 45nm in 2009. 

CMOS process development is paid for by the sale volume of standard CMOS logic and 

memory chips. Hence, CMOS imagers do not have to bear the research costs and, 

consequently, benefit from cheaper process costs than CCD imagers. Fabrication costs are 

further reduced, because imagers do not use the state-of-the-art processes; in 2006 0.13μm 

technology was standard, however, commercial imagers used 0.18μm technology. 

This appendix describes how technology scaling will affect CMOS imager sensor. By 

following, we will introduce how we choose CMOS technology for our designs and detail 

the choice of parameters and the related layout techniques.  
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A.2 Submicron CMOS processes 

Submicron devices, operated in the saturation region, depart from the traditional 

square-law model. Both reduced geometry and the increased electric field strength affect 

device performance. 

The relative importance of these effects is dependent upon the source- and drain-junction 

depth and the supply voltage. Geometrical, often called short-channel, effects dominate 

high-field effects as the supply voltage is reduced and junction depth is increased. It is 

anticipated that junction depths will be scaled aggressively to suppress short-channel 

effects [80].  

A CMOS process is optimized to maintain digital performance at low supply voltages. 

Analogue characteristics, however, deteriorate at low supply voltages. Therefore, circuit 

design in future generations will be more challenging in the analog domain.  

We will show how process affects the device characteristics using threshold voltage as an 

example. 

A.2.1 Variation in threshold voltage 

In practice, the threshold voltage is not constant. For a given process, threshold voltage 

variation is modeled by: 

( )
WL

A
V TV

T =Δσ           (A.1) 

where AVT  slowly decreases with L [81]. Equ.A.1 shows that as device area is increased, 

the threshold mismatch is reduced.  
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Small devices, such as those found in an active pixel, exhibit a greater variation in 

threshold voltage than predicted by Equ. A.1. The increase in standard deviation is due to 

the stochastic nature of the diffusion process: for a given volume of depletion region, the 

number of dopant atoms follows a Poisson distribution with a standard deviation of where 

N is the average number of dopant atoms in the depletion region. The threshold voltage 

standard deviation, due to the dopant atom distribution, σVT is given by: 

( ) 4
1

8
3

22 Deffeff
A

ox
VT XLWN

C
q −=

π
σ      (A.2) 

where XD is the depletion depth and NA is the doping density. Equ.A.2 evaluates as 20mV 

in a 0.35μm technology, increasing to 30mV at 0.1μm [82]. Burnett found that the total 

variation in threshold voltage was dominated by this effect in minimum sized devices [82]. 

In order to calculate the effect of threshold variation on the voltage swing at the pixel, the 

threshold mismatch of both the reset and source-follower transistor must be considered. 

Consequently, assuming the variation in threshold voltage is uncorrelated, the total 

standard deviation is 2 σVT. For example, seven standard deviations is a sensible limit 

for an array size of 1000 × 1000. Table A.1 gives the reduction in voltage swing based on 

the above assumptions, for two cases: minimum sized devices and constant device size, 

which is equivalent to a minimum sized device at 0.35μm. The predicted reduction in 

voltage swing is equivalent to a 30% reduction at 0.18μm, assuming that the threshold 

voltage is scaled aggressively. Consequently, pixel transistors should be scaled less 

aggressively than the process dimensions. Further, as the supply voltage is reduced, it is 

advantageous to increase the size of pixel transistors.  
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Table A. 1 Standard deviation for transistor threshold voltage with process scaling after 
Burnett [82] 

Process 0.35μm 0.25μm 0.18μm 0.13μm 0.1μm 

2 σVT (Min size) 
7 2 σVT (Min size) 

18.7mV 
0.19V 

20.0mV 
0.20V 

22.8mV 
0.23V 

25.9mV 
0.26V 

27.5mV 
0.27V 

2 σVT (constant size) 
7 2 σVT (constant size) 

18.7mV 
0.19V 

17.8mV 
0.18V 

17.6mV 
0.17V 

17.3mV 
0.17V 

17.2mV 
0.17V 

A.2.2 Design techniques 

In order to maintain the same signal-to-noise ratio, as supply voltage is scaled, noise 

performance must be improved or the signal swing must be a greater percentage of the 

supply voltage [83]. If the signal swing is to be increased, standard analogue techniques, 

such as the cascode and source follower become impractical [84]. 

In low-voltage design, amplifier output swing is often limited by the saturation voltage, 

VDS(sat) , which is given by: 

WC
LI

V
ox

DS
satDS μ

2
)( =      (A.3) 

There are three methods of reducing the saturation voltage for a given process[84]: 

1. Reduce the drain current, which decreases the maximum slew-rate. 

2. Increase the channel width, which reduces the bandwidth due to increased input 

capacitance. 

3. Decrease the channel length, which causes greater mismatch, lower output resistance 

and increases flicker noise. 

In practice, the drain-source current is often slew-rate limited and the transistor length is 

maintained to avoid a reduction in output resistance and, if the circuit is differential, the 

consequent reduction in the common-mode-rejection ratio. Therefore, the channel width 
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must be increased, or the device must be biased closer to sub-threshold operation, which 

has the advantage of increasing the gain and reducing the thermal noise contribution per 

unit current [85]. 

A.3 Design of Circuit Blocks for Image Sensor 

As we discussed previously, a number of important issues for future-generation CMOS 

image sensors design are: 

1. Low-voltage operation, which will be necessary for compatibility with 

future-generation processes and advantageous to reduce power consumption for portable 

applications. 

2. Improved signal-to-noise ratio. In order to compete successfully with a CCD-based 

sensor, it is important to improve the low-light imaging performance. Equivalently, the 

present level of dark current must be suppressed and the signal-to-noise ratio should be 

improved. 

3. The integration of on-chip signal processing. Perhaps the most significant advantage 

of the CMOS image sensor is the ability to integrate signal processing with the image 

sensor.  

4. Compatibility with future-generation processes. To date, published studies of the 

effects of scaling on the CMOS imager have been theoretical. Consequently, it is desirable 

to fabricate the design on a deep-submicron process and to fully characterize the pixels.  

In this section, we will discuss the general design principles of circuit blocks for image 

sensors, following by the description on layout techniques.  
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A.3.1 Choice of process 

Ideally, the process would have the following characteristics: 

• Be at the 0.35μm generation or beyond. State-of-the-art CMOS imagers are 

fabricated on 0.35μm processes at the time we started our research work. Therefore, to 

study the effects of process scaling, a process or, preferably, a 0.18μm process is 

required. 

• Allow low-threshold-voltage transistors. As processes are scaled, the performance of 

current pixel architectures will be severely limited by the reduction in supply voltage. 

In order to mitigate this effect, low-threshold-voltage transistors can be used for critical 

transistors, for example, the pixel-reset transistor. However, the consequent increase in 

voltage swing is at the expense of increased leakage current. Experiments are needed to 

quantify whether this increase in leakage current is acceptable. 

There were two CMOS processes which satisfying above requirements available at UVic 

at the time we started our work. They are TSMC (Taiwan Semiconductor Manufacturing 

Company) 0.18μm 1P6M and 0.13μm 1P8M CMOS technologies. For financial reasons 

and available technical support, we chose TSMC 0.18μm CMOS 1P6M process for the 

design. 

A.3.2 General design principles 

Figure A.1 shows the general design flow to perform the circuit design. CADENCE, 

which includes a lot of EDA tools, is employed to do the design work. Table A.2 lists the 

design work and correlated CADENCE tools. Table A.3 lists the typical parameter values 

of NMOS and PMOS transistor under 0.18μm CMOS process.  
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Figure A. 1 General design flow of circuit design [86] 

Table A. 2 Design work and correlated CADENCE tools 

Schematic Capture Composer 

Simulation SpectreS 

Layout Design, Design Rule Check(DRC) Virtuoso 

Layout vs. Schematic Virtuoso 

Post-Layout Simulation SpectreS 
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Table A. 3 Typical parameter values for NMOS and PMOS transistor of 0.18μm process 

TRANSISTOR 
PARAMETERS W/L N-CHANNEL P-CHANNEL UNITS 

MINIMUM 0.27/0.18    

Vth  0.54 -0.54 volts 

SHORT 20.0/0.18    

Idss  530 -268 μA/μm 

Vth  0.55 -0.54 volts 

LARGE 50/50    

Vth  0.45 -0.44 volts 

Gamma  0.55 0.63 V^0.5 

K' (Uo*Cox/2)  167.5 -35.5 μA/V^2 

Low-field Mobility  407.46 86.36 cm^2/V*s 

A.3.3 Layout Techniques 

In every IC−manufacturing process, there is a certain amount of inaccuracy caused by 

random or systematic errors in occurring during the process, which affect the design 

parameters of devices. Random or stochastic errors are local in nature and have a large 

effect on small devices. Systematic errors, such as variation in the oxide thickness, are 

usually linear and proportional to distances on a die. In the following part, we will 

introduce some layout techniques employed in the circuit blocks design in previous 

chapters.  

The most important criteria for CMOS transistors and capacitors layout include 

minimizing gate series resistance, minimizing source/drain resistances and minimizing 
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source/substrate and drain/substrate capacitances. In addition, it is important to improve 

the matching between match components in circuit layout design.  Table A.4 lists the 

layout techniques for fulfilling these tasks effectively and Figure A.2, Figure A.3 and 

Figure A.4 illustrate the listed layout techniques respectively. 

Table A. 4 Layout techniques used in the design 

Layout Technique Purpose 

Multiple Contacts Minimizing Source/Drain Resistances 

Multi-Finger Structure 

 
Minimizing Source/Substrate and 

Drain/Substrate Parasitic Capacitances 

Inter-digitization and common centroid 

 
Minimizing the mismatch between match 

components 
 

 

Figure A. 2 Layout of MOS transistors (multiple contacts ar Source/drain) [87] 



 

 

174

 

Figure A. 3 Layout of MOS transistors (multi-finger structure) [87] 

 

Figure A. 4 Layout of matching MOS transistors using inter-digitization and common certroid 
techniques [87] 
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Appendix B 

Measurement Setups 

 

Figure B. 1 Measurement setup for DC response of current mirror, current comparator and 
sample/hold circuit 

 

Figure B. 2 Measurement setup for transient response of current mirror, current comparator and 
sample/hold circuit 
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Figure B. 3 Measurement setup for acitve pixel sensor 
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Figure B. 4 Measurement setup for FPN suppression circuit 
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