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Abstract 

This paper proposes a high-gain voltage-mode active pixel sensor 

(V-APS) for high-frame-rate dynamic X-ray imaging. Due to a 

source-follower structure, the proposed active pixel circuit 

exhibits superior linearity compared to current-mode APS. And, a 

shared programmable gain amplifier (PGA) is employed to 

provide secondary-stage amplification, mitigating the gain 

limitation of the source-follower structure. The charge-to-voltage 

gain of the proposed V-APS achieves 1.33 µV/e- with a 

nonlinearity of 0.38%. Furthermore, VT variation and shift of 

amplifying transistors in pixels and PGAs can be compensated by 

using dual-gate thin-film transistor technology. In comparison 

with conventional 3-T V-APS, the proposed one features a 

significant decrease of output voltage error rate from 43.67% to 

0.79% at a VT shift of ±0.5 V. 
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1. Introduction

Current-mode active pixel sensor (C-APS) is currently the 

mainstream scheme in large-area flat-panel X-ray imaging [1]. 

Since both the reference voltage on the data bus and the output 

current are constant, C-APS scheme can avoid the impact of RC 

delay and enables the high readout frame rate. However, C-APS 

exhibits poorer linearity compared to voltage-mode active pixel 

sensor (V-APS) due to the nonlinear relationship between the input 

signal and the output current [2]. 

In addition, C-APS imposes tough specs on the external readout ICs 

(ROICs) [1], [2]. One architecture of ROIC is based on integrators 

[1], which require large capacitors (typically greater than 30 pF per 

channel), making them cost-ineffective for large-area X-ray 

imaging. The other ROIC approach, based on transimpedance 

amplifiers [2], introduces additional noise and suffers from more 

severe mismatch issues compared to integrators. However, the 

ROIC architecture for V-APS typically only requires buffers instead 

of complex integrators or transimpedance amplifiers, making it 

more cost-effective and avoiding the mismatch of capacitors or 

resistors. 

V-APS has been widely adopted in complementary metal oxide

semiconductor (CMOS) image sensors [3]. Nevertheless, V-APS is

unsuitable for imaging sensors of large-area X-ray flat-panel

detectors (FPD) based on amorphous silicon technology, which is

currently mainstream for FPD applications. This limitation stems

from the relatively long settling time of the output voltage due to

low mobility and large parasitic capacitance on the data bus.

Previous studies demonstrated methods to reduce the settling time 

of V-APS by utilizing high-mobility TFT, such as amorphous 

indium tin zinc oxide (a-ITZO) and low temperature poly-silicon 

(LTPS) [4], [5]. However, these approaches cannot provide a high-

gain and flexible programmability. Additionally, the amplification 

function has the instability concern, as the amplifying TFTs are 

prone to long-term electrical bias and/or are nonuniform among 

channels. As a result, the reliability of V-APS remains an unresolved 

issue in these approaches. 

This work demonstrates a novel V-APS design utilizing dual-gate 

TFTs with a self-aligned structure. This design results in a 

significantly reduced settling time on the signal bus and enables the 

sensor to meet the frame rate requirements for large-area X-ray 

imaging. Furthermore, the bias current source consists of a single 

TFT with high output impedance, and the programmable gain 

amplifier (PGA) shared by a column of pixels performs secondary-

stage amplification of the input signal for higher gain and signal-to-

noise ratio. In addition, negative and positive VT of amplifying 

transistors in pixels and PGAs can be compensated, as they store 

the value of VT by one of the gates, and the other gate is used for 

amplifying. Therefore, the proposed V-APS is promising for 

dynamic X-ray medical imaging applications. 

2. Proposed APS Circuit and Operation

Figure 1 shows the schematic of the proposed V-APS. The pixel 

consists of two resetting TFT (TR1 and TS1) and one amplifying TFT 

(TA_PIXEL). The PGA shared by pixels of a column is constituted of 

two resetting TFT (TR2 and TS2) and one amplifying TFT (TA_PGA). 

TR2 and the storage capacitor at node C are used to compensate for 

threshold voltage shift (ΔVT). TBIAS is a switching TFT in the VT 

extraction phase and a bias current source with high output 

impedance in the readout phase. The timing diagram is illustrated 

in Figure 2. 

In the reset phase, RST1, RST2, SW1, RST3 and RST4 are all high, 

and then node A and node C are charged to VDD. The voltage on 

the data line is equal to VREF.  

In the VT extraction phase, RST2 and RST3 are low to turn TS1 and 

TS2 off. In the meantime, node A and node C are discharged through 

the diode connection until the transient current approaches 0 V. 

Consequently, the VT of TA_PIXEL and TA_PGA is always set to 0 V 

after VT extraction phase, no matter how it varies before. Since VREF 

is lower than VSS and the low level of Sense[n] is higher than 0 V, 

the circuit is still capable of compensating for negative VT of 

TA_PIXEL and TA_PGA. 

In the global exposure phase, the photodiode (PD) is in a reverse-

biased condition, and the movement of holes and electrons 

forms the PD photocurrent IPH flowing from the PD cathode to 

the PD anode
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Figure 1. The proposed V-APS architecture based on DG 

IGZO TFT. 

Figure 2. The timing diagram. 

Therefore, the charge (ΔQIN) in the storage capacitor at node A is 

reduced. ΔQIN can be expressed as:

INT

IN PH
0

Δ
t

Q I dt=  (1)

Here, tINT is the time of global exposure. RST1[n] is low to turn TR1 

off to prevent the leakage of data charge in CST. 

In the auxiliary charging phase, Sense[2] and Sense[3] are high 

briefly to decrease the settling time of the first row. Then, Sense[n] 

is progressive for other rows in the readout phase. The voltage level 

of Sense[n] is elevated by ΔV1 to increase the transconductance of 

TA_PIXEL for higher charge-to-voltage gain (CtV gain), and SW1 is 

low for making TBIAS a bias current source during the readout phase. 

In the meantime, RST3 is low to turn TS2 off. By adjusting the 

voltage level of SW2, the gain of the PGA during the readout phase 

is programmable. 

After in-pixel compensation, ΔVout be expressed as: 

_A_PGA

OUT PGA IN IN
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Here, GPGA is the voltage gain of the PGA. gm is the 

transconductance of TA_PGA and TS2, and gds is the output 

conductance of TA_PGA and TS2. The voltage gain of the pixel is 

about 1 due to the high output impedance of TBIAS. 

Since TA_PIXEL and TA_PGA have been compensated, the output 

voltage is independent of VT thanks to the VT extraction phase. This 

approach effectively mitigates VT shift and nonuniform issues of 

TA_PIXEL and TA_PGA. These voltage values of the output are then 

transferred to the analog-to-digital converters (ADCs) through the 

buffers. The buffers are connected to the PGAs in AC coupling, 

which does not require the common-mode level of PGAs to be 

consistent with that of the external buffer, mitigating the limitation 

on ROICs.  

The cost of such a readout scheme is that pixel-level hardware 

double sampling is not possible due to the long time of the VT 

extraction phase; therefore, software double sampling must be 

employed. In software double sampling, the dark field image is 

stored in the memory and subtracted from images taken in the 

presence of X-ray in order to correct for any fixed pattern noise in 

the array and recover the signal (from the bias). If multiple dark 

field images are averaged, then the white noise will be considerably 

reduced, such that the thermal noise and reset noise of the dark field 

image are negligible [6]. The architecture of the software double 

sampling is shown in Figure 1, and the calculation between images 

is done in the field programmable gate array (FPGA). 

3. Results and Discussions

The proposed V-APS is implemented using DG a-IGZO TFT 

technology, with a self-aligned structure to minimize parasitic 

capacitance [7], which can significantly reduce the settling time on 

the data line. Figure 3(a) illustrates the cross-sectional view and 

equivalent symbol of the DG TFT. 

Figure 3. (a) Cross-sectional schematic of DG a-IGZO TFT 

and its equivalent electronic symbol. (b) Simulated and 

measured transfer characteristic curves of the DG a-IGZO 

TFT. (c) Simulated and measured output characteristic curves 

of the DG a-IGZO TFT. 

Figure 3(c) illustrates excellent output characteristic curves of the 

DG a-IGZO TFT at TG mode, which indicates that the gain of pixel 

amplification is almost independent of the current value of TBIAS. 

Although the DC offset of node D is related to the current, it can be 

eliminated by software double sampling. Consequently, the linear 

relationship between input and output is not affected by ΔVT of 
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TBIAS after software double sampling. 

To achieve a pixel size of 95 × 95 μm2 for higher resolution, the W/L 

ratio of TA_PIXEL is 100 μm/6 μm, while the W/L ratio of TR1 and TS1 

are 10 μm /6 μm. The parasitic capacitance of PD is 0.6 pF. The W/L 

ratio of TA_PGA is 500 μm/6 μm, the W/L ratio of TS2 is 10 μm/20 μm, 

the W/L ratio of TR2 is 10 μm/6 μm, and the W/L ratio of TBIAS is 

200 μm/6 μm. The storage capacitor at node C is 3 pF. The global 

reset time is set to 150 μs, the VT extraction time is 50 μs, and the 

global exposure time is 1 ms. Considering a typical array 

comprising of 1000 ×1000 pixels operating in real-time at 30 Hz, 

the total readout time per row is 32 μs. 

3.1 CtV Gain and Linearity 

The relationship between IPH and VOUT is illustrated in Figure 4. In 

the proposed circuit, the R² value is 0.99998, the high CtV gain is 

1.33 µV/e-, and the nonlinearity is 0.38%. According to (2), the 

relationship between input and output is linear in the case of the 

output impedance of TBIAS that is large enough. On the contrary, the 

relationship of C-APS between the input signal and the output 

current is square. Therefore, the linearity has been greatly improved 

compared to the conventional 3-T C-APS. The CtV gain is 

programmable, which can be achieved by varying the value of ΔV2. 

Considering a zero-point and gain calibration is required to 

compensate for variability and degradation anyhow [2], the problem 

of zero-point misalignment can be solved. 

 

Figure 4. (a) The transient response of VOUT versus different 

input photocurrent. (b) Relationship between the input charge 

and the output voltage. 

3.2 Threshold Voltage Compensation  

Figure 5 illustrates VT compensation effect. The proposed active 

pixel circuit effectively compensates for both positive and negative 

VT shifts. With IPH of 0.5 nA and tINT of 1 ms, the output voltage 

error remains within 0.79% under ΔVT of ±0.5 V in the proposed 

circuit. The output voltage error rate of the voltage-mode 3-T APS 

without in-pixel compensation is 43.67%. 

3.3 Settling Time 

As illustrated in Figure 6(c), the voltage variation for the first row 

is greater than that of the other rows, indicating a longer settling 

time. In the absence of auxiliary charging, this increases the readout 

time of the first row by approximately 8 µs, resulting in total readout 

time exceeding 32 µs, as shown in Figure 6(b). As depicted in 

Figure 6(a), for a single pixel column, the first three rows are 

located farther from node D compared to other rows, leading to 

longer RC time. Consequently, assuming that the settling time of the 

first three rows meets the 12-bit settling accuracy requirement, other 

rows will inherently satisfy this criterion. As shown in Figure 6(d), 

the voltage variation on the data line for the first three rows remains 

below 0.001 V between 31.5 µs and 100 µs (between M and N), and 

this variation becomes negligible beyond 100 µs. 

-0.5 0.0 0.5
-30%

-20%

-10%

0%

10%

20%

30%

40%

50%

 Pixel 

 PGA 

 Without 

O
u

tp
u

t 
V

o
lt

a
g

e
 E

rr
o

r 
R

a
te

ΔVT (V)

VT Compensation:

 

Figure 5. Compensation effect for positive and negative 

threshold voltage shift. The output voltage error does not 

exceed 0.79% under a threshold voltage shift of ±0.5 V. 

 

Figure 6. (a) The circuit diagram with parasitic resistance and 

capacitance in the auxiliary charging phase. (b) The settling 

time of the first row with and without auxiliary charging. (c) 

The settling time of the first three rows with auxiliary charging. 

(d) The settling accuracy of the first three rows during 300 µs. 

Therefore, it can be inferred that the first three rows achieve a 

settling accuracy of 0.001 V by 31.5 µs. Considering the output 

swing of 4.125 V, the corresponding 12-bit voltage accuracy is 

0.001 V. Hence, all pixels within a column can achieve the required 

12-bit settling accuracy within a readout time of 32 µs. 

3.4 Noise Analysis 

The noise characteristics of the proposed V-APS can be categorized 

into pre-amplification noise and post-amplification noise. The pre-

amplification noise σPRE consists of σPD (dark current of PD), σTFT1 

(leakage currents of TR1), and σRESET1 (reset noise from TR1 on the 

storage capacitor). The post-amplification noise σPOST includes σF1, 

σF2, σF3 and σF4 (flicker noise) and σT1, σT2, σT3 and σT4 (thermal 

noise) from the TA_PIXEL, TS1, TA_PIXEL and TS2, σRESET2 (reset noise 

on CTOTAL), σRESET3 (reset noise on the storage capacitor at node C) 

and σAMP (noise from the ROIC). The charge gain of the source-

follower structure GPIXEL is equal to CTOTAL/CST. CST is the storage 

capacitor at node A. The input reference noise σTOTAL is expressed 
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as: 

2 2 2 2 2 2 2 2 2 2 2

F1 F2 T1 T2 RESET2 RESET3 F3 F4 T3 T4 AMP

TOTAL PRE

PIXEL PIXEL PGA

σ σ σ σ σ σ σ σ σ σ σ
σ σ

G G G

+ + + + + + + + +
= + +2 (3) 

According to (3), the secondary-stage gain GPGA significantly 

mitigates the impact of noise from PGA and σAMP, indicating lower 

σTOTAL and higher signal-to-noise ratio and dynamic range 

compared to conventional 3-T V-APS. 

3.5 Layout 

Figure 7 shows the layout of the test V-APS chip, including the 

proposed pixels, bias current sources and PGAs. PD is widely used 

vertically stacked on top of the TFT backplane [8]. Therefore, the 

PD is not shown in the layout. 

 
Figure 7. The layout of the proposed V-APS. 

Table 1. Merits comparison among the proposed DG APS 

pixel and other related works. 

 
This 

Work 
[4] [5] [3] 

Technology 
DG a-

IGZO 
LTPS a-ITZO a-IGZO 

Critical 

dimension 
6 µm N/A 3 µm 3 µm 

Operating 

principle 

Voltage-

mode 

Voltage-

mode 

Voltage-

mode 

Current-

mode 

Pixel pitch 95 µm 50 µm 40 µm 100 µm 

VT  

compensation 
√ × × × 

Frame rate 30 Hz N/A 10 Hz 50 Hz 

Charge-to-

voltage gain 

1.326 

µV/𝑒−  

0.899 

µV/𝑒− 

0.131 

µV/𝑒− 

0.048 

µV/𝑒− 

Nonlinearity 0.38% N/A N/A 0.33%* 

*After quadratic estimation 

4. Conclusion 

This paper proposes a high-gain voltage-mode active pixel sensor 

based on DG a-IGZO TFTs. This design enables both positive and 

negative VT compensation. Furthermore, it employs a two-stage 

amplification structure to address the issue of insufficient gain in 

the in-pixel source follower configuration. The proposed circuit 

based on the 6 μm DG a-IGZO TFT technology, with a self-aligned 

structure to minimize parasitic capacitance, was demonstrated in 

terms of SPICE simulations, layout, and merits comparison. 

Research results show the CtV gain is 1.33 µV/𝑒−, with a 

nonlinearity of 0.38%. The output voltage error rate improves from 

43.67% to 0.79% under a VT shift of ±0.5 V. This work implements 

VT compensation and programmable gain in a voltage-mode APS 

circuit. Moreover, compared to current-mode APS, this circuit 

significantly improves linearity and simplifies the structure of the 

ROIC, and is therefore promising for dynamic X-ray medical 

imaging applications. 
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