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Abstract-In this paper a CMOS active pixel sensor (APS) 

imager with column-level analog-to-digital converter (ADC) is 

presented. In conventional column-level ADC imagers, the ADCs 

are active in the entire readout time intervals. But by using 

difference ADCs where the difference of consecutive samples is 

digitized instead of each sample independently, and by noting the 

fact that the light intensity of neighbouring pixels in a column are 

usually very close, the single-slope ADCs digitizing the 

differences are not active in the entire readout intervals leading 

to considerable saving the power consumption. According to 

simulation results of the circuit in a 0.18-/lm CMOS technology, 

the proposed imager with 30x40 pixel array and with 8-bit 

column-level ADCs and 130 frame/s, consumes 830/lW where the 

power consumption of the ADCs and the entire imager are 

reduced by factors of 10 and 2, respectively. 

Keywords-Active pixel sensor (APS); Analog to digital 
converter (ADC); Integrating; Single-slope 

I. INTRODUCTION 

Complementary metal oxide semiconductor (CMOS) 
imagers are widely used in many applications such as digital 
cameras. Due to these demands, the market for solid-state 
image sensors has been experiencing explosive growth in 
recent years [1]. One of the realizations of CMOS image 
sensors, is called active-pixel sensor (APS). Recently, the 
research has been focusing, mainly, on the improvement of the 
APS due to its improved performance, flexibility, and high 
frame-rate capability [2, 3]. In applications where the number 
of pixels is not so numerous, a chip-level analog-to-digital 
converter (ADC) is used. In other words, a single ADC is used 
for all pixels. But, if the number of pixels is large, column
level architecture will be used where each column of pixels 
uses a single ADC [4]. A conventional APS imager with 
column-level ADC is shown in Fig. 1. As can be seen, it 
consists of pixel arrays, column ADCs, sample-and-hold circuit 
(S/H), and decoders. The imager works as follows: in reset 
phase, all photodiodes are biased in reverse mode and the 
photodiodes' capacitors are charged to VDD-Vth-Mreset 
(where Vth-Mreset is the threshold voltage of MReset). In 
the integrating interval, photodiodes convert the light 
intensity to electrical charges, thus depleting the charges 
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MxN pixel array 

Fig. 1. A conventional APS imager with column-level ADC. 

accumulated on the photodiode reverse-biased capacitors in 
reset phase. 

Therefore, the voltage value across the capacitor at the end 

of the integrating phase which is buffered using the source

follower amplifiers is proportional to the light intensity. These 

voltages are then sampled using passive SIR circuits and then 

digitized using the ADCs. During the readout interval, the row 

decoder selects each row simultaneously using row-select 

transistors and the voltages of the row pixels are readout using 

column ADCs. All ADCs will be reset after each row readout 

process is done. 
Because a large number of parallel channels are used, 

column-level ADC architecture facilitates the high speed 
readout of large pixel arrays. Column-level ADCs often 
employ a single-slope architecture, which has the advantage of 
requiring only one comparator per column [4]-[9]. 



Such simple column circuitry reduces the required chip area 
and makes it relatively easy to ensure uniformity between 
column circuits. However, a disadvantage of the single-slope 
architecture is the fact that its conversion time increases 
exponentially with the number of bits, which limits the read
out speed at high resolutions [8]. While successive 
approximation or algorithmic ADCs are much faster, these all 
require much more in-column circuitry, which increases chip 
area, layout complexity and column non-uniformity [9]. Since 
the power consumed in the ADCs is considerable [9], any 
architecture in which the power consumption of the ADC is 
saved will be effective in reducing the power consumption of 
the entire imager. 

In typical images, the difference between the light intensity 
in neighbouring pixels is usually small compared to the full
scale range of the light intensity. Therefore, the difference 
between the values of the analog samples of the pixels in 
neighboring pixels is small compared to the full-scale range. 
From power-consumption viewpoint, it thus seems 
advantageous to digitize the difference of the new sample with 
the previous sample instead of digitizing every new sample 
independently [10]. 

As an example, consider the image shown in Fig. 2. In this 
30x40 image there are 30 rows and 40 columns. The 
differences between neighbour pixels values in each column 
are calculated. It is notable that only 4.3% of neighbour pixels 
in columns have larger than 20% difference in their values. 

According to the fact mentioned above, in the proposed 
method, instead of resetting the ADCs after each row readout 
process, the difference between the values of the current pixel 
and the previous pixel is digitized by the ADCs. If this 
technique is employed in a single-slope integrating ADC, then 
the integrating time is shortened [10] and the power is saved. In 
other words, in the proposed method, the ADCs are not active 
during the entire readout process intervals. 

The rest of this paper is arranged as follows: in section II, 
the proposed method is described systematically. Circuit 
considerations are discussed in section III. Simulation results 
are addressed in section IV followed by conclusions in 
section V. 

II. PROPOSED METHOD 

In a single-slope ADC, the input sample is integrated 
generating a ramp signal; meanwhile, a counter is used to 
measure the time at which the generated ramp voltage crosses a 
reference voltage. Thus, the digital word corresponding to the 
input sample is prepared at the counter. 

In the integrating ADC, the power is mainly consumed in 
the counter, the operational amplifier of the integrator and the 
comparator. Therefore, if these blocks are functioning just for 
digitizing the differences of successive samples which takes 
much less time than each new sample independently, and are 
turned off during the rest of the time, considerable power will 
be saved. Therefore, instead of conventional AID conversion, 
we can store the output of each conversion and only measure 
the difference between each new sample with the stored value. 
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Fig. 2. A typical image employed in this work. 

Fig. 3. The architecture of the employed "difference" ADC [10]. 

Fig. 4. Comparison of timing diagrams for the conventional and the 
proposed architectures [10]. 

Hence, the counting time of the counter in every conversion 
is reduced and the counter as well as the comparator can be 
turned off until the next sample is being sampled (in a 
synchronous sampling). This idea can save a great amount of 
power in applications in which the input voltage changes are 
not very fast and large [10]. 

The architecture of the "difference ADC" first proposed in 
[10] is shown in Fig. 3. A current source is used to charge (or 
discharge) the integrating capacitor, Cint, to the value of the 
input sample. For each new sample, if the value of this sample, 
Vnew, is higher than the value of the previous sample, VoId, 
SO is connected and Iref charges the capacitor and the counter 
counts up until it is stopped by the comparator. If Vnew is 
lower than Void, SI and S2 are connected and the mirrored 
current of Iref discharges the capacitor and the counter counts 
down until the comparator stops it at the new value. As soon as 
the comparator stops the counter, both the counter and the 
comparator will go to the power-down mode thus considerable 
power is saved [10]. Fig. 4 compares the timing diagrams of 
the conventional and the proposed integrating ADCs. As can be 
observed, for the given example, the circuit in the proposed 
architecture is idle for most of the time and thus the power 
consumption is much lower; nevertheless, the power 
consumption is proportional to the difference between the light 
intensity of two adjacent pixels. 



III. CIRCUIT CONSIDERATIONS 

In this section the building blocks of the proposed imager 
are explained in details. 

A. Photodiode Model 

Using an accurate model for photodiode is quite important. 
In the 30x40 pixel array designed in this work, 1200 
photodiodes are employed. Because the photodiode is reverse
biased, it works like a typical diode biased in the reverse mode. 
But to model the photodiode completely, a current source is 
added to model as shown in Fig. 5 [11]. 

B. Pixel Array 

We used a 30x40 pixel array in this work. As shown in Fig. 
I, each pixel consists of one photodiode and three transistors 
(3T-APS). An NMOS device for resetting the photodiode 
(MReset), an NMOS device as a source follower (MSF), and a 
switch for selecting the pixel or row select (MRS). 

C. ADC 

In column-level ADC imager, we need a low-speed 
moderate-resolution ADC that consumes low power and has 
small size. According to [4]-[9], we chose integrating ADC. 
Integrating ADC consumes low power and has good resolution 
but its speed is low. 

A difference single slope ADC is shown in Fig. 3. This 
ADC was proposed in [10]. The proposed ADC includes a 
reference current, Iref, a comparator and a counter. The 
maximum time required between two consecutive samples, 
Tmax, equals 

T = T, = 2. = CINTXVFS = 2NT, (1) 
max S is fret Clk 

where T" fs, VFS, N, and Tc1k are the sampling period, sampling 
frequency, full-scale input voltage, ADCs' resolution, and 
clock period, respectively. Here, required specifications for the 
current source and the comparator are discussed. 

1) Current Source: For a non-ideal current source where 

the output impedance is finite, the value of the current will be 

dependent on the output voltage therefore introducing a non

linearity to the entire ADC. In order to reduce this non-linearity 

below the accepted level imposed by the ADC resolution, the 

output impedance must be high enough. The implementation of 

the current mirror circuit is illustrated in Fig. 6 [12]. The 

employed cascode structure provides a large enough output 

resistance while the minimum headroom voltage is 2VDS-sat 

that is suitable for our design. The mirror circuit is similar to 

this circuit except for using PMOS transistors instead of 

NMOS one. 

2) Camparator: The most important part of this ADC is its 

comparator because, not only the comparator resolution must 

be smaller than the ADC resolution, but also a reasonable 

speed is needed to have a minimum delay in the comparator. 

Note that Dout is proportional to the time measured by the 

counter beginning from the sampling instance until the 

comparator output changes. So the delay of the comparator 

influences on the measured time. Another consideration in the 
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(a) 

(b) 
Fig. 5. (a) Layout top aud schematic cross sectional view of n+/p

substrate photo diode, (b) Photodiode model [11]. 

II. t discharge 

Fig. 6. Reference Current circuit. 

comparator design is the fact that the input common-mode 

voltage of the comparator varies for different levels of the input 

sample. In order for the comparator to be fully functional with 

acceptable performance for the entire input common-mode 

range, the architecture proposed in [l3] has been modified to 

the circuit configuration depicted in Fig. 7. 

IV. SIMULATION RESULTS 

Both conventional and proposed imagers were designed 
and simulated using HSpice in O.181lm technology. The imager 
resolution is 30x40. The power supply is 1.8V. All 
specifications of imagers are presented in TABLE I. 

Fig. 8 shows a sample image captured by the proposed 
imager. The method for producing this image is as follows: 
after simulating all pixels using HSpice, the ADCs outputs 
were transferred to MATLAB. Then using MATLAB image 
functions, the image was produced. 

TABLE II compares the power consumption of our 
proposed imager with other APS imagers which used column
level ADC architecture. Note that in TABLE II, SS stands for 
single-slope ADC. 



Out 

Fig. 7. Rail to Rail comparator. 

(a) (b) 

Fig. 8. Sample images, (a) Original image, (b) Proposed imager output. 

CONCLUSION 

[n this paper, an APS imager with column [evel ADC was 
designed and simulated leading to 50% reduction in the power 
consumption. [n fact, according to this fact that the light 
intensity in neighbouring pixels in an image, do not usually 
have large variations, the column ADCs only digitize the 
difference between two pixels instead of digitizing each pixel 
independently. By using this method, for most pixels, the 
integrating ADCs operate for smaller time intervals and the 
power will be saved. To prove our claim, an APS imager with 
an array of 30x40 pixels with column-level integrating single
slope ADCs was simulated with Hspice in O. [8[.tm technology. 
Simulation results conflrm that the power consumption of the 
ADCs are reduced around 90% and the entire imager by about 
50% in comparison with conventional imager. 

TABLE!. SPECIFICATIONS OF CONVENTIONAL AND PROPOSED 
IMAGERS. 

Conventional APS Proposed APS 

Process O.l81lm 

Pixel array 30x40 

Supply 1.8 V 

Frame rate 130 irame/s 

ADCs resolution 8 bit 

ADCs power consumption 984 IlW 101 IlW 

Decoder power 
12 nW 12 nW 

consumption 
Pixels and bias power 

731 IlW 733 IlW 
consumption 

Total power consumption 1715 IlW 830 IlW 

[00 

TABLE II. 

Ref. Process 

[5] 0.351lm 

[6] 0.35 Ilm 

[14] 0.25 Ilm 

[IS] 0.25 �l1n 
This 0.18,.m work 

COMPARISON OF THE PROPOSED IMAGER WITH OTHER 
PUBLISHED WORKS. 

ADC Pixel Frame rate 
Power 

Type Bit resolution [frame/sf 

SS 10 160x240 30 3.lmW 
@23.3V 

SS 8 80x40 435 150mW 
@23.3V 

Cyclic 12 514x530 3500 IW @  
3.3V 

8 128xl28 48 75mW 
-

(a) I V 

SS 8 30x40 130 830,.W 
(ii) 1.8V 
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