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Abstract— Considerations for CMOS image sensors with self-

power generation capability design are presented. Design of 
CMOS imagers, utilizing Self-Powered Sensors (SPS) is a new 
approach for ultra low-power CMOS Active Pixel Sensors (APS) 
implementations. The SPS architecture allows generation of 
electric power by employing a light sensitive device, located on 
the same silicon die with an APS and thus reduces power 
dissipation from the conventional power supply. This makes 
image sensors using the SPS architecture very useful in 
applications where ultra low-power is the main demand. A 
detailed analysis of the SPS structure is carried out, with respect 
to power dissipation requirements, sensor area and power 
generation efficiency, showing advantages and drawbacks of the 
proposed concept. 

An illustrative example of CMOS imager with Self-Power 
generation capability in 0.18μm standard CMOS technology is 
discussed. Measurements from a test chip, implemented in 
0.18μm CMOS process, are presented.  

 
Index Terms—Active Pixel Sensor (APS), Self-Powered Sensor 

(SPS), Power Generated Photo Diode (PGPd), low-power sensor. 
 

I. INTRODUCTION 
CMOS image sensors are very attractive in the field of 

portable battery-operated devices. CMOS imagers offer 
significant advantages in terms of low-cost, low-power, low-
voltage and monolithic integration. Current state of the art CMOS 
imagers allow integration of all functions required for timing, 
exposure control, color processing, image enhancement, image 
compression and ADC on the same die, while dissipating only 
tens of mW of power. It is expected that the next generation of 
image sensors will consume less than 1mW to support the demand 
for continuous power reduction in mobile devices [1]-[3]. This 
target is usually achieved by technology scaling and aggressive 
supply voltage reduction. However, low-voltage power supply 
has an enormous impact on the imager performance, mainly due 
to dynamic range and signal-to-noise ratio reduction.   

A comprehensive study on low-power low-voltage CMOS 
image sensors has been performed in the last years [1]-[14]. A 
number of methodologies were presented to reduce imager power 

dissipation while still achieving good image quality. In 2000 an 
CMOS Active Pixel Sensor (APS), fabricated in 0.35μm CMOS 
technology and operating at a supply voltage of only 1.2 V has 
been demonstrated by Cho [3]. In this work the bootstrapping 
technique was used to increase the dynamic range of the sensor. 
Another approach to low-voltage APS design was presented in 
[4],[5], where a PMOS is used as the reset transistor inside the 
pixel to eliminate threshold voltage drop. Low-power 1V voltage 
supply complementary APS architecture that removes the 
threshold voltage influence on the available output swing was 
presented by Xu in 2002 [12]. An advanced APS imager using 
low-power sensor design methodology was presented in 2002 
[13]. In [14] an ultra-low power wide dynamic range snapshot 
imager with dual voltage supplies was presented. Current mode 
pixel architectures were also used to reduce power dissipation 
[15].   
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This paper presents considerations for CMOS image sensors 
with self-power generation capability design, providing both 
theoretical analysis and measurements from a test chip. Design of 
CMOS imagers, utilizing Self-Powered Sensors (SPS) is a new 
approach for ultra low-power CMOS Active Pixel Sensors (APS) 
implementations [16]. The SPS concept is based on the sensor 
self-power generation using an additional photo sense element, 
located on the same silicon die with APS. The SPS pixel 
architecture allows employing the energy of incident light to 
produce power for the APS reset operation and in-pixel amplifier, 
hence reducing the sensor power dissipation from the regular 
power supply. One of the well known methods, having a similar 
concept of power production is a solar cell.  However, the 
advantage of the proposed SPS technique over solar cells is that it 
can be easily integrated with a CMOS imager in a standard 
fabrication process.   

Section II describes the SPS architecture and explains its 
principles of operation. A detailed analysis with reference to 
power dissipation requirements, sensor area and power generation 
efficiency is presented in Section III. Section IV shows an 
illustrative example of an SPS structure in 0.18um standard 
CMOS technology. Test chip design and measurements from the 
prototype, fabricated in a standard 0.18μm CMOS technology are 
described in Section V. Conclusion and future research are 
outlined in Section VI. 

 

II. SPS CONCEPT, ARCHITECTURE AND PRINCIPLE OF 
OPERATION 

A. SPS concept     
Fig.1 shows an example of a possible implementation of the 

basic SPS structure in conjunction with a 3-T photodiode CMOS 
APS employing a PMOS reset transistor [4],[5]. This structure 
implements the basic APS elements and Power Generation 
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Photodiodes (PGPd), used for self-power generation. These 
PGPds are inverse-biased using a conventional power supply 
(VDD). According to this proposed design, the VDD' line is 
common to all pixels and is connected to the PGPd elements, 
which can be located inside each pixel or alternatively, in the 
sensor periphery. The SPS operates as follows: under illumination 
conditions, the voltage at node VDD' is increased to VDD by the 
photocurrent which discharges the PGPd space-charge 
capacitance. This photo-electric process is comparable to the 
regular photodiode (Pd) operation, where the voltage across the 
junction decays proportionally to the illumination level. Note, the 
PGPd is connected in an open-circuit configuration, as long as the 
reset and the RS transistors are off, which is similar to the Pd 
integration mode. The photo-electric charge, induced by PGPd 
element is used for Pd reset during the reset stage and for readout 
operation, as will be described in sub-section B.    

Fig. 2 depicts a possible SPS implementation in a standard n-
well CMOS process. The PGPd element is formed by the p+-
Nwell junction, while the Pd is implemented by the n+-Psub 
junction.  

 

Generated power supply - VDD’
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To other pixels
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Figure 1.  Possible implementation of SPS. 
 

 
 

Figure 2. Possible SPS implementation in a standard N-well 
CMOS process. 
 

As previously noted, the PGPd elements can be located inside 
each pixel (as shown in Fig. 2), which has an advantage of 
robustness in scene contrast because it is able to receive scene 
illuminance averagely by the overall focal plane. However, this 
approach degrades the sensor fill factor and spatial resolution. 
Thus, locating PGPd elements in the array periphery can be 
preferred in some cases.   
 
B. SPS architecture and principle of operation    

Fig. 3 shows the general architecture of the proposed SPS 
structure, operating in the rolling shutter readout mode [17]. The 
structure consists of (a) a single SPS pixel, as presented in Fig. 1, 
(b) VLN transistor, which acts as a current source, (c) Enable 
transistor for leakage current reduction due to the stack effect 
[18], (d) two analog switches for signal and reset signals 
selection, (e) two capacitors for reset and signal voltage storage, 
CR and CS, respectively.  
 

 
      

Figure 3. SPS general architecture. 

From a power dissipation point of view, the SPS operation, 
with reference to Fig. 3 and Fig. 4, can be divided into two main 
phases, (a) Enable transistor is on and (b) Enable transistor is off 
("power-off" phase). The first phase (Treadout in Fig. 4) consists of 
the Pd reset stage, the reset value readout stage (SHR) and the 
photo-generated signal readout stage (SHS). During this stage, the 
circuit is powered by the PGPd elements. However, the phase (b) 
can be considered as non-power consumer phase, where the PGPd 
element can be charged by the photo-electric charge in open 
circuit configuration.  
 

 
Figure 4. SPS timing waveform  

In the rolling readout technique the Correlated Double 
Sampling (CDS) circuit is usually used to reduce the Fixed 
Pattern Noise (FPN) by subtracting the signal pixel value from the 
reset value of the next frame. Because CDS is not truly correlated 
without frame memory, the read noise is limited not only by the 
reset noise on the photodiode, but also by the voltage variations 
on the PGPd elements (VDD'). The VDD' variations are due to 
charge pumping during Treadout phase and illumination level 
deviations between two sequential readouts. The above flaws can 
be overcome by the use of truly CDS, which requires 4-T 
transistors APS architecture [17],[19].   

As mentioned above, the VDD' voltage depends on illumination 
levels. Thus, the SPS reliability can be undermined in low 
illumination levels. To overcome this possible problem, a backup 
circuit should be used. Fig. 5 shows a possible implementation of 
such a type of a circuit.    

The backup circuit operates as follows: before each Treadout 
phase, the comparator samples the VDD' voltage and compares it 
with appropriate reference voltage Vref. In case where the VDD'< 
Vref, meaning that PGPd element voltage did not recover during 
the "power-off" phase, the  PMOS transistor is on and VDD' node  
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Figure 5. Possible implementation of a backup circuit. 
 
is charged to VDD. The Vref voltage is defined as Vref=VDD- ΔVmax, 
where ΔVmax is the maximum allowed voltage drop in power 
supply, which ensures a proper operation of APS. A brief ΔVmax 
determination is discussed in the next Section. Note, the 
comparator used in this backup circuit should be power efficient 
and is activated only for very small periods of time employing the 
enable input.  

III. SPS ANALYSIS AND CONSTRAINTS  
A. APS Power Dissipation Pattern     

APS power dissipation during the Treadout phase can be divided 
into the following components: (a) the power dissipated by the 
VLN transistor, (b) the power dissipated to charge the storage 
capacitors CS and CR and (c) the power dissipated through reset 
operation of the pixel photodiode. Equations (1) - (3) describe the 
charge pumping of components (a) to (c), respectively.  

(1)
LNV readout col LNQ T N IΔ = ⋅ ⋅  

( ) (2)C S R swing colQ C C V NΔ = + ⋅ ⋅  

(3)reset pd swing colQ C V NΔ = ⋅ ⋅  

where Ncol is the number of pixels in the row, ILN is the current 
flowing through the VLN transistor, Vswing is the maximum swing 
value on the CS and CR capacitor, Cpd is the pixel photodiode 
capacitance. The predominant power consumers are the current 
source ILN and the CS and CR capacitors charging, while the ΔQreset 
component can be neglected, resulting in: 

(4)
LNTOT V CQ Q QΔ = Δ + Δ  

where ΔQTOT is the total charge dissipated during the Treadout 
phase.  
 
B. PGPd power generation efficiency     

Power generation efficiency of SPS structure is defined by the 
photo-electric conversion efficiency of the PGPd element. The 
photocurrent, produced in PGPd may be considered as a current 
source and is given as follows: 

(5)phI q Aη= ⋅Φ ⋅ ⋅   

where q is the electron charge, Φ is the photon flux, η is the 
quantum efficiency and A is the photosensitive area.  
The total photo-electric charge, generated in the PGPd element 
can be approximated as: 
 

( )/ (gen ph gen ph frame row readoutQ I T I T N T= ⋅ = ⋅ −

where Tframe is the frame time and Nrow is the number of rows in 
the APS array. 

For proper SPS operation, ΔQTOT, required during the Treadout 
phase, should be smaller than Qgen. Equating (4) and (6) leads to 
the expression for PGPd required area, A: 

 

( ) (7)
/

LNV C

frame row readout

Q Q
A

q T N Tη

Δ + Δ
≥

⋅Φ ⋅ ⋅ −
 

 
The drop in the VDD' during the Treadout phase is given by: 

6)  

(8)
( ')

LNV C
drop

j DD

Q Q
A C V

Δ + Δ
=

⋅
V  

 
where Cj(VDD') is the space-charge capacitance of the PGPd 
elements and in case of abrupt junction is defined as: 

[ ]( )( ') (9
2 '

s A D
j DD

A Dbi DD DD

q N NC V
N NV V V

ε
=

+− −
)  

where εs is the permittivity of silicon, Vbi is the built-in voltage, 
ND and ND are the acceptors and donors concentrations, 
respectively.  
Assuming the equality in (7), the equation (8) is reduced to: 

 
( )

( )

/
(10)

( ')

/
( ')

frame row readout
drop

j DD

frame row readout
ph

j DD

q T N T
V

C V

T N T
J

C V

η⋅Φ ⋅ ⋅ −
=

−
=

 

 
where Jph is the photocurrent density. 

As mentioned in Section II (see Fig. 2), the PGPd element is 
formed by the p+-Nwell junction. In a standard CMOS process, 
this structure provides relatively high depletion capacitance due to 
the high ND concentration, resulting in smaller Vdrop. Note, that 
there is no straightforward relation between Vdrop and ΔVmax. 
While Vdrop is defined by (8), ΔVmax is determined by the 
acceptable output swing of the APS.   

IV. ILLUSTRATIVE EXAMPLE IN 0.18µM PROCESS 
An illustrative example of the SPS structure in 0.18μm process is 
depicted herein, based on the analysis presented in the previous 
Section. The QCIF APS array (176x120) operating at 30 frames 
per second at 1.8V is assumed. The parameter values listed in this 
sub-section are typical to 0.18μm process and will be utilized to 
illustrate the relevant expressions.  

The total charge ΔQTOT dissipated during the Treadout phase is 
obtained using (4) and is given by: 
 

96 23 120 (11)
LN

Col Col Coltot C VQ Q Q p p p⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦ ⎣ ⎦Δ = Δ + Δ = + ≅  

 
assuming Treadout = 250nsec, ILN = 0.75uA, where CS = CR = 0.4pF 
and Vswing=1V. 
The photocurrent density is calculated using (5):  

2/2 (A cmphJ q 12)η μ ⎡ ⎤
⎣ ⎦= ⋅Φ ⋅ ≅  
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where η=0.3 for typical p+/n-well junction and Φ=4x1013 

[ph/cm2sec]. Note, room light flux and clear sky flux correspond 
to Φ=4x1012 and Φ=4x1015, respectively.  
The required area of the PGPd element according to (7) is:  

 

( )
20.35 (13)

/
LNV C

cm

frame row readout

Q Q
A

q T N Tη
⎡ ⎤⎣ ⎦

Δ + Δ
≥ =

⋅Φ ⋅ ⋅ −
 

According to (8) and (9) the Vdrop voltage is: 

 

( )/
7.9 (14)

( ')
frame row readout

Vdrop ph
j DD

T N T
V J m

C V
⎡ ⎤⎣ ⎦

−
= ≅   

where Cj=43n [F/cm2] and Vbi≈0.9V were obtained using 
NA=2x1018 [cm-3] and ND=2x1016 [cm-3] which are typical values 
for 0.18μm process (the reversed voltage was neglected). Note, 
the edge capacitance of the PGPd element can be neglectible, 
relatively to A·Cj. 

According to (13) the active area required for a proper 
operation of the whole QCIF SPS structure and the readout 
circuitry at the given illumination level and without need in a 
conventional power supply is 0.35 cm2. As mentioned in [16], this 
can be significantly reduced in applications, where small regions 
of interests are processed. In these applications the required area 
of the PGPd element is reduced by factor of M, showed in the 
following expression: 
 

(15)row colN NM
X Y

⋅
=

⋅
 

 
where X and Y are the number of rows and columns in the region 
of interest, respectively. For example, for the region of 10x15 the 
required area is only 0.24mm2.  

V. TEST CHIP MEASUREMENTS 
A test chip, consisting of 7x7 SPS array, was implemented in a 

standard TSMC 0.18µm CMOS technology. Figure 6 shows the 
layout of 14μmx14μm single SPS pixel with an in-pixel PGPd. 
The pixel employs a standard n+/p-sub photodiode, as a sensing 
element, similarly to the pixel shown in Fig. 1. The sizes of the 
photodiode and each PGPd element are approximately 14 µm2 
and 60 µm2, respectively.   

 

 
 

Figure 6. Layout of a single SPS pixel  
A variety of tests were carried out to prove the SPS concept. The 
electrical scheme of the fabricated circuit, including additional 
elements for testing is shown Fig. 7.  This figure shows the pixels 
1, k and 7 (out of 7) of a single row. As mentioned before, all 
PGPd elements are connected to the power generated VDD' line. 
The 'Reset' and 'RS' lines are common for each row. The PGPd 
elements can be reset to ground using the 'PGPd reset' line via 
NMOS transistor. Because of relatively large capacitance of all 

PGPd elements, the 'PGPd reset' transistor is implemented using a 
number of transistors, connected in parallel, to allow fast reset of 
PGPd element. The voltage value on the PGPd elements is 
buffered using four simple source follower amplifiers. That is, the 
signal value on the PGPd element is represented by two output 
voltages: Vout1 and Vout2. While the output swing of Vout1 is limited 
to the range of approximately 0.7V to 1.8V, the voltage value of 
Vout2 is varying between 0V to 1V. These two output chains allow 
the representation of the full swing of the output voltage.  The 
reason to use these two source amplifiers instead of one rail-to-
rail amplifier was due to their simplicity and thus risk of fault 
reduction. The first two amplifiers (employing Vbias1 and Vbias2) 
have very low input capacitances to reduce the influence of the 
test circuitry on the SPS operation. The other two buffers 
(employing Vbias3 and Vbias4) are sized to drive the off-chip loads. 
 Fig. 8 shows the measurements of PGPd elements charge at 
low illumination conditions. In this test, all pixels were 
disconnected from the VDD' line. As can be seen, after the PGPd 
elements are reset to ground (the reset operation is performed 
every 30msec), all PGPd elements are situated in the open circuits 
configuration and linearly charged. As expected, the PGPd 
voltage value is increased from 0V to 1.8V in 30msec (can be 
observed in Fig. 8 by the combination of Vout1 and Vout2.), 
providing charge for SPS self-power capability. The same test 
was also applied at different illumination levels (e.g. room light, 
clear sky and laser beam) and as expected, the time required to 
charge the PGPd elements to VDD was decreased linearly with the 
increasing of illumination level.    
 

 
 

Figure 8. Measurement of the PGPd elements charging at low 
illumination conditions.   
 
An additional test, examining SPS operation, is presented in Fig. 
9. In this test two phases can be clearly distinguished, i.e. T1 and 
T2. During the first phase (T1), both PGPd and photodiodes are 
disconnected each from other (all Reset transistors from Fig. 7 are 
off) and exposed to incident illumination. During T1, the PGPd 
elements are charged to VDD (Vout1 in Fig. 9) and on the other 
hand, the voltage value of the APS photodiodes is zero. From the 
beginning of the T2, the SPS array is situated in dark conditions 
and the Reset transistors turn on in the rolling shutter fashion 
[17]. As can be observed, the voltage on the PGPd elements is 
declined according to charge sharing between the PGPd overall 
capacitance and the total capacitance of the APS i row (including 
the photodiodes capacitance and the parasitics associated with 
that node). The total voltage drop in the PGPd elements is 450mV 
(out of 1.8V) which is approximately the relation between the 
APS photodiodes and PGPd capacitances.       
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Figure 7. The electrical scheme of the fabricated circuit, including additional elements for testing. 
 

 
 
Figure 9. Measurement of the charge sharing between the PGPd 
overall capacitance and the total capacitance of the APS i-th row 
 

VI. CONCLUSIONS AND FURTHER RESEARCH 
Considerations for CMOS image sensors with self-power 

generation capability design were presented. A detailed 
quantitative and qualitative discussion was carried out 
successfully demonstrated, that the proposed SPS architecture 
allows generation of electric power for the whole APS array and 
signal readout circuitry operation. This makes image sensors 
using the SPS architecture very useful in applications where ultra 
low-power is the main demand. A test chip, consisting of 7x7 SPS 
array, was designed in a standard TSMC 0.18µm CMOS and the 
measurements results support the SPS concept and the theoretical 
analysis. 

Further work should be concentrated on the improving of the 
PGPd elements efficiency in order to reduce the demand for die 
area. In addition, large APS array with full self-power generation 
capability will be designed.  
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