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Abstract—This paper reports a current mirroring integration (CMI) - 4 ! Sj'i‘-'t
CMOS readout circuit for high-resolution infrared focal plane array (FPA) Veasi I =
applications. The circuit uses a feedback structure with current mirrors to X out

provide stable bias voltage across the photodetector diode, while mirroring
the diode current to an integration capacitor. The integration capacitor can
be placed outside of the unit pixel, reducing the pixel area and allowing
to integrate the current on larger capacitance for larger charge storage L
capacity and dynamic range. The CMI unit cell allows almost rail-to-rail
voltage swing on the integration capacitance for low voltage operation. The
detector bias voltage can be adjusted independently for various detector re-
quirements. By virtue of current feedback in the CMI structure, very low
(ideally zero) input impedance is achieved. The unit-cell contains just nine
MOS transistors and occupies 2Qum X 25 pm area in a 0.8um CMOS
process. The CMI circuit provides a maximum charge storage capacity of
5.25x 107 electrons and a maximum transimpedance of 6< 107 € for a
5V power supply and 2 pF off-pixel integration capacitance.

Ground

Fig. 1. Schematic view of the CMI preamplifier circuit, including the unit cell
and off-pixel components.

Index Terms—Focal plane arrays (FPAs), hybrid readouts, infrared im-

agers, readout electronics. buffered gate modulation input (BGMI) [7], provides in-pixel de-

tector current amplification and background flux suppression and
places the integration capacitance outside of the pixel, but it also
requires in-pixel operational amplifier components for detector bias
Infrared focal plane arrays (FPA) have a wide range of militargtabilization; therefore, it has area and op-amp dependent perfor-
medical, industrial, and scientific applications, where high resolutigfiance limitations. A recent novel approach, current mirroring direct
and high performance readout electronics is required. The resolutiafection (CMDI) [8], [9], satisfies the high injection efficiency and
can be increased by increasing the number of pixels, but then, Hifost-zero detector bias requirements; however, the CMDI also
pixel size needs to be reduced to decrease not only the overall cféguires the integration capacitor to be in the pixel, and therefore
area and therefore its cost, but also the cost of optics. However, Hg&s large pixel area, low dynamic range, and low charge storage
small pixel size limits the complexity, and hence the performanegpacity. Another interesting approach, switched current integration
of the readout circuit. A high performance circuit should providgscCl) [10], provides large charge storage capacity with the use of an
a stable and near zero detector bias to reduce the dark currettfpixel integration capacitor; however, it requires an in-pixel ampli-
and detector noise; it should have low input impedance to obtgiar that limits its detector bias and injection efficiency performance
high injection efficiency for integrating maximum amount of currenand affects the pixel area. In summary, all previous circuits have
generated by the detector on the integration capacitance and dfher low performance with simple structures, or high performance
increasing its bandwidth and decreasing its input referred noisgith large pixel area, due to their need for an in-pixel amplifier
and it should have a large dynamic range to increase the maximgfAu/or an in-pixel capacitor.
charge storage capacity, which requires large integration capacitanc®his paper reports a new high performance readout structure,
and high voltage swing on it [1]-[3]. The integration capacitor igalled current mirroring integration (CMI) [11], [12], which provides
preferred to be placed outside of the pixel to increase its valbgh performance without needing an in-pixel opamp or integration
without increasing the pixel size. capacitor. The CMI preamplifier circuit combines the benefits of
Earlier readout structures, including self-integration (SI), source-fahe CMDI and SCI circuits, while eliminating their drawbacks, to
lower-per-detector (SFD), and direct-injection (DI), are simple angthieve a high performance preamplifier in a small size. Contrary to
occupy small area, but they cannot satisfy most of the high performargel, the CMI circuit provides high injection efficiency and stable and
requirements [2]-{5]. Later amplifier structures, such as buffered-ditmost-zero detector bias without a need for the in-pixel amplifier;
rect-injection (BDI) and capacitive feedback transimpedance amplifighd contrary to CMDI, it is implemented in a small pixel area
(CTIA), provide a better performance in terms of injection effiwith only nine transistors in the unit cell and without an in-pixel
ciency and detector bias stability with the help of an in-pixel opamgapacitor and can provide high charge storage capacity and high
[2]-[6], but their performance is limited with the quality of thedynamic range with the use of large off-pixel integration capacitance.
opamp that should be implemented in a small pixel area. In additign, addition, it has rail-to-rail operation with its new structure and
CTIA requires an in-pixel integration capacitor. A novel approaclyith the use of high-swing cascode current mirrors. The CMI circuit
can be used not only with photovoltaic detectors that require stable
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|. INTRODUCTION

II. CIRCUIT STRUCTURE

Fig. 1 shows the schematic view of the CMI preamplifier circuit
[11]. The unit cell is very simple and requires only nine transistors,
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Fig. 2. Simplified schematic view of various preamplifier structures used for analytical calculations and noise comparisons: (a) CMI, (b) PBRhd (c
structures.

and the rest of the circuit components are placed outside the pixel atba,swing observed at the output node, this simple structure is selected
including the integration capacitance, the source follower, and the de-demonstrate the operation of the CMI.
tector diode, which is usually hybrid connected to the circuit.

The circuit operation is very simple: infrared radiation induces a
current in the detector diode, and this current passes through MN1 IIl. CIRCUIT PERFORMANCE
and is mirrored to MN2 using the high-swing cascode current mirror
formed with transistors MP1-MP4. Since MN1 and MN2 are also con- The high performance of the CMI circuit has been verified by
nected as a current mirror, their gate-to-source voltages are forcedoth analytical calculations and detailed simulations. Table | shows
be equal, resulting in an almost-zero detector bias [8], [9]. This strutre comparison between CMI and other unit cells in terms of input
ture also results in low input impedance, and therefore, most of ttnepedance, detector bias control, pixel area, and noise performance.
induced detector current is injected to the readout circuit even in tilee CMI structure has a very good performance in each of these
cases where the detector resistance is low. The induced detector parameters, comparable to or better than the other structures. Fig. 2
rent is also copied and transferred to the external integration capastiows the simplified structures view of various preamplifier structures
tance using the transistors MP5 and MP6, whose sizes can be adjustet for analytical calculations and noise comparisons.
to provide a gain, N, on the mirrored current, increasing the sensitivity The detector bias in the CMI structure is similar to the CMDI struc-
and signal-to-noise ratio (SNR). The row select transistor provides thee [8] and can be expressed as
selection of rows in a consecutive manner, and hence, enables elec-

tronic scanning. . Kp .. .
The voltage obtained at the capacitance node swings from 0 V to al- Voer = 7o X AVre + AVIN 1)

mostVpp, i.e., the circuit allows rail-to-rail operation, providing high
dynamic range. The capacitor voltage is buffered with a pMOS soursghere 'y andK'p are the geometry constants of the nMOS transis-
follower buffer, which inherently decreases the voltage swing due tors and pMOS transistors, respectively; akntl;x andAVyp are the
threshold voltage and reduces the linearity of the signal, however, thesismatch values of the threshold voltages of the nMOS transistors and
effects can be eliminated by using either higher positive voltage supplyOS transistors, respectively. AsVtn andAVrp are very small
for the source-follower buffer or other high swing buffer structuresvithin each pixel, the detector bias is very stable and close to zero,
Each unit cell requires four input signals, includivigp, ground, row minimizing dark current and detector noise. It should be noted in here
select, and bias voltage for cascode structures. The number of infhat these results are also valid for different detector bias voltages. The
signals to each unit cell can be reduced to three with the use of m&lI circuit can be used for some applications requiring a nonzero de-
advanced current mirrors, such as high swing self cascoded curr@utor bias point, e.g., photoconductive QWIP detectors, by changing
mirrors [12]-[15]. the ground potential in the current mirror structure to the required bias
The array implementation of the CMI circuit can be achieved usingltage value up to 3.8 V, without affecting the overall circuit perfor-
the approach of the SCI [10]. The buffer is shared by all pixels of oeance and bias stability.
column together with one big integration capacitance, which is placedAnother advantage of the CMI structure is that the input resistance
outside the unit cell unless otherwise is required by the specific appgieen by the detector is ideally zero. This is important to obtain high in-
cation. The buffer output is transferred to the signal processing unéction efficiency, which is defined as the ratio of current delivered to
which is selected as a correlated double sampling (CDS) circuit ttee preamplifier to the overall photodetector current (i&,/( Rin +
improve the noise performance of the overall system by reducing tRe) ), where Rp is the detector resistance aitl, is the input re-
fixed-pattern-noise (FPN) anld f noise considerably. Although com- sistance of the readout circuit). The effective input resistance of the
plementary source follower buffers in the CDS circuit further reducesadout preamplifiers based on current feedback structures, such as
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TABLE |
COMPARISON BETWEEN COMMON UNIT CELL STRUCTURES ANDCMI. THE CMI STRUCTURE PROVIDES EITHER COMPARABLE OR BETTER PERFORMANCE THAN
THE OTHER STRUCTURES INALL PERFORMANCEPARAMETERS, AS LONG AS~ IS MADE CLOSE TO1

183

Readout Detector Bias
Structure Input Pixel Area Input Referred Noise
Control
Impedance
1 Not stable. ef
DI —_— Changes during Small — v
Emi integration (R »+ l/ gmi)2
1 Not stable. 2¢?
GMI - changes during Small T w
Emi integration (R pt 1/ 8omi )
1 Stable. Large, in-pixel o2
BDI | g, x(1+A) | Controlled by an ‘;ﬁ;ﬁ;ﬁti&:; W
+ ;
OpAmp Feedback capacitor D 8 mi
g Large, in-pixel 2
Alpphfler Stable. op-amp and ) (Cfb +Ch)
CTIA input Controlled by an integration namp AT E
impedance | OpAmp Feedback gral A"XCy
capacitor
Moderate,
1 Stable. no in-pixel 921
SCI 8. X(1+A) | Controlled by an | capacitance, but = 5
OpAmp Feedback | in-pixel op-amp (RD (1+A)+ 1/ 8 mi)
components
Moderate,
1 Stable. no in-pixel e21
BGMI | ———— | Controlled by an | capacitance, but - 3
81+ 4) OpAmp Feedback | in-pixel op-amp (R 1+ A)+ 1/ 8mi )
components
Stable and very
1-y close to zero. Large due to -
CMDI Controlled by a in-pixel = 8mi€n_eq
8mn2 double current capacitance
mirror feedback
Stable and very Small, requires
1-y close to zero. 9 transistors
CMI Controlled by a in-pixel, but ~ g2 g2
8mn2 double current uses off-pixel Emin_eq
mirror feedback integration
structure capacitani(i:g

«A: Amplifier; ~y: : parameter defined in (4¥....: Input transistor;R ;,: detector resistance&y,,:
CTIA feedback capacitance; ad,..: detector capacitance

CMI and CMDI, can be found by calculating the current chaide

due to the voltage changkVs[8], [9], as

AVs
_AIS - gmN2

1—x

R, =

)

where~ is defined in terms of transistors transconductaces as

— gmP1 % gmN2 )
gdmN1

¥
gmpP2

®)

achieved. Although a perfect matching is practically impossiblean

niques. For example, for-aof 99.6% and a typica},, 2 of 2 nA/V,
R;,» can bereduced to avalue as low a2 groviding a very low input current loop gain.

impedance for high injection efficiency for even low resistance infrared Input referred noise of the CMI circuit is also comparable to the other
detectors. In fact, it is reported [9] that the injection efficiency in thes&ructures, mainly due to the fact that its input impedance is very low.

type of current feedback structures can even provide an injection effi-
ciency higher than 100% by makinglarger than one, and therefore
R;n negative resistance. However, care should be taken to prevent os-
cillation of the circuit when operating in this mode.

It should be noted here that short channel effects are not considered
in these calculations, and therefore, it is assumed that the variations
in the currents through MP1 and MP2 are only due to transistor
mismatches. However, short channel effects can cause large variations
in the currents and transistgr. values, degrading the performance
of the circuit. This problem is solved in a great extent in CMI with
the use of the high-swing cascode current mirror on the pMOS
Equation (2) shows that, by perfect matching of copying transistorsseage, as verified with detailed simulations and fabricated circuits.
near-zero inputimpedance, and hence, unity injection efficiency candecascode is added to the current mirror mainly to improve the
linearity of current transfer at the output. A high swing self-cascoding
be made very close to unity by using proper design and layout ted¢bpology is used [13]. A by-product of the cascode in the CMI
loop is further reduction in the input impedance owing to improved
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Fig. 3. Simulation results of the CMI circuit. The waveform shows the b

integration curves for various current values, verifying the high linearity and
high output voltage swing. Here, the integration capacitance is chosen as 1 pF
to show the dynamic range.

The input referred noise is directly related with the input impedance of
the readout electronics and can be represented in a general form as [16]

2 2 2 (R111+RD)2

lp ™~ Jmin RD

“

whereg...; is the transconductance of the injection transistpris the
equivalent voltage noise source at the input injection transi&ar,

is the detector resistance, aRg, is the preamplifier input resistance
seen by the detector. Fig. 2 shows circuits used to compare the noise
CMI with noise of DI and BDI structures [16], and Table | summarizes
the overall noise values of various preamplifier structures. The total
equivalent noise of the CMI circuit at the input transistor is large due
to current mirrors, and it can be modeled as

;
| 1 4

) ) ) gz ‘ . ‘ _Fig. 5. SEI\_/I photograph of fabricated 3616 CMI readout array
651—6(7 —2 e+ ( ;nlﬂ > (6727,—;71 + €i_ﬁ2 + 657.—773) implemented in a 0.3sm CMOS technology.

mnl

©) CMDI has a limited voltage swing on the integration capacitance,
considering the noise contributions of the each transistor in the simhile CMI can integrate a voltage on the integration capacitance
plified model. However, main advantage of the CMI structure is thatfitom ground to almos#},;,. Fig. 3 shows CMI integrated voltage
is possible to achieve low input impedance in a small pixel area. Hewels at the capacitance node for current values between 10 and
example, wheny is equal to a moderate value of 0.99, it improves thBO nA for a 1-pF capacitance, verifying the high linearity and almost
input resistance by a factor of 100. The same effect is observed in Bfall-to-rail output voltage swing of the CMI circuit. Fig. 4 shows the
and SCI structures when the gain, A, of the amplifier is 100. Howeverjiittegrated voltage values for different detector currents both before
is difficult to obtain this gain in a small area, which forces the amplifieand after the source follower buffer. According to this figure, CMI
to be implemented as a simple operational transconductance amplifisvides a linearity better than 99% for an output swing between
(OTA) with small gain. Placement of an amplifier in each pixel als@ and 4.5 V before and after the source follower buffer. It can be
increases the power dissipation of the BDI and SCI structures. Theseen that the buffer slightly degrades the linearity and decreases
fore, CMI provides a very low input impedance and a moderate inptlite value down to 96% for an output voltage swing larger than
referred noise. 4.5 V. The integration time is set as 12@ for these simulations,

The CMI has also a number of advantages compared to the CMiIt it can be reduced for large format FPAs, such as»6480.

structure. First of all,y is made closer to one in CMI structure CMIlalso provides much higher charge storage capacity and dynamic
compared to CMDI structure since channel length effects on th@nge compared to CMDI, both due to higher voltage swing on the
current mirrors are reduced with the use of high-swing cascode curreriegration capacitance and due to fact that the integration capacitor
mirrors. Besides, the integration capacitor in the CMDI structurean be selected to be large, as it does not have to be inside the unit
is inside the unit cell; therefore, a large pixel area is required tell. The maximum charge storage capacity for CMI is calculated as
have a high charge storage capacity and high dynamic range. AIB®5x 10" electrons for 2 pF integration capacitance using 5 V supply,
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Fig. 6. Measurement results of the CMI unit cell with simple source follower buffers for different detector current values: (a) 20 nA, (b) 40 nA,Gand (c)
while the integration time is fixed at 120s.

and it can be further increased by increasing the off-pixel integration
capacitance or the supply voltage. It should also be mentioned here that
only simulation results of the CMDI unit cell has been presented in the
literature [8], [9], while CMI has been fabricated and tested not only in

a unit cell format but also in an array format.

25
Linearity: 99.6%
\ inearity //
S

1.5 /
1

0.5

A CMI readout test chip was designed in a .8+ CMOS process /
to verify its operation. The chip includes the CMI unit cell and a fully 0
functional and operational 16 16 prototype array. Fig. 5 shows an 0 20 40 60
SEM view of fabricated 1& 16 CMI readout array. Fig. 6 shows the Detector Current (nA)
test results of the CMI unit cell for different current values for a 120-
integration interval. In Fig. 6(a), the integration capacitance is |nt'e:-
grated up to approximately 1 V for a detector current of 20 nA. Wheﬂ]nC
the integration current is doubled, the capacitance voltage at the end
of integration time is also doubled as shown in Fig. 6(b). The capaci-
tance is saturated around 2.9 V for current values larger than 50 nA; ésops in the source follower buffer circuits, as explained before. In fact
example, Fig. 6(c) shows the saturated integration curve for an integifse CMI unit cell can provide a very high output voltage swing (almost
tion current of 70 nA, where the swing is between 1.2 and 4.1 V. Fig.rdil-to-rail), and this can be utilized by using high-swing operational
shows the linearity measurement results of the fabricated CMI unit cathplifier structures as buffer circuits. The use of an operational am-
for different current values ranging from 10 to 50 nA for a 320inte-  plifier as a buffer will also improve the linearity of integration curves
gration interval. As can be noticed from the figure, the CMI structuresdfter the buffer structure. Deviations from linearity in the integration
provides better than 99% linearity in the obtained voltage swing, i.@pparent at the beginning of each integration interval are due to tran-
2.8 V. Table Il summarizes the performance parameters of the CBlentsinthe voltage buffer providing the measurement. These transients
structure. do not affect the final observation of the integration value itself. These

It should be noted here that the measured voltage swing at the outpigiasured responses also verify the operation and the linearity of the
is smaller than rail-to-rail voltage swing due to the threshold voltageMI structure.

IV. IMPLEMENTATION AND TEST RESULTS

Voltage After Buffer (V)

7. Measurement results of the fabricated CMI unit cell, verifying its
tionality and linearity.
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TABLE 1l [5]
SUMMARY OF THE PERFORMANCEPARAMETERS OF THECMI UNIT CELL
Parameter Results (6]
Injection Efficiency ~100%
7
Integration Voltage Linearity >99% (7]
Integration Voltage Swing Almost rail-to-rail
Transimpedance 6x10° Q [8]
Maximum Charge Capacity 5.25x10’ electrons
Input Impedance (IpetecTor=90nA) | 2.7 kQ ]
Controllable DC Bias Range 0V-3.8V
Pixel cutoff frequency
>2MHz
(Rye=250K, Cy=100fF) [10]
Power Dissipation
(in the current design N=2) (Z+N)xIpgrecrorX Voo [11]
Power Supply 0-5V
Circuit Size 20x25pum’ [12]
Pixel Pitch 50x50um’
Technology 0.8 um CMOS [13]
U
[14]

V. CONCLUSION

A new readout structure called CMI is designed for high resolution
and high performance infrared FPA applications. This circuit provide 15
almost 100% injection efficiency, almost-zero detector bias, large
output voltage swing, very high linearity, and very good noise[16]
performance, while it can be implemented in a small area. The
charge storage capacity of the circuit is calculated as &.28
electrons for a 2-pF integration capacitance and a 5-V supply. Sin(:ﬁn
the integration capacitor is placed outside of the pixel, the charge
storage can be increased by simply increasing the value of the
integration capacitance. The circuit provides a transimpedance of
6 x 10" € for the same capacitance and power supply values. The
CMI unit-cell employs only nine MOS transistors and occupies an
area of 2Qumx 25 m in a 0.8xm CMOS process. The functionality
of the CMI was verified through measurements on the fabricated
test chip. The CMI readout circuit can be used not only in advanced
high performance and high resolution infrared imaging applications,
but also in other high performance imaging applications such as
CMOS imagers operating in the visual spectrum.
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