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Abstract: This paper proposed a readout integrated circuit ( ROIC) with high uniformity and low-noise by mitiga—

ting the fixed patter noise ( FPN) of Infrared focal plane arrays ( IFPA) to acquire high-quality infrared images.

The row shared gain-controlling NMOS transistors are adopted in front-end circuit to reduce the pixel FPN. Further—

more a novel correlated double sampling ( CDS) structure is proposed to reduce the column FPN. Based on the

simulation results a 16 X 16 experimental chip has been manufactured adopting AMS 0.35 pum CMOS process.

Extensive experiments have been implemented to verify the function and performance of the proposed readout cir—

cuit. The test results demonstrate the ROIC with the inherent advantages of low FPN and high uniformity which

makes it suitable for the application of high performance IFPA.
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Introduction

A readout integrated circuit calculates the infrared
radiation on the focal plane and transmits the signal to
image manipulation circuit '* . Reducing or restraining
the readout noise can increase the signal-noise—ratio

. There

leading to improve the quality infrared image >*
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are mainly two kinds of noise in the readout circuit: the
devices intrinsic noise ( MOSFET device etc.) and the
additionally noise introduced by the operational mode the
circuit structure. The former is mainly contributed by the
1/f noise and the latter basically behaves the fixed patter
noise ( FPN) ™ . FPN consists of pixel FPN and column
FPN  which is classified according to genesis. Pixel FPN
is caused by the mismaich in the semiconductor manufac—
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turing process of the transistor parameters ( such as
threshold voltage of transistors gain W L etc.)
while the column FPN is brought about by column read-
out circuits. FPN can deteriorate images quality by cau—
sing vertical and spots stripes which is irrespective to
the light intensity. Therefore it is important to suppress
FPN to improve the ROIC performance "** .

A widely accepted technique reducing the FPN is
CDS "% which works by two steps firstly storing the
noise on one clock phase and then subtracting it at the
following clock phase. This operation virtually eliminates
FPN noise at the outputs of the circuit ** . However
the conventional CDS circuits suffer from two main de-
fects. One is that the pixel FPN caused by mismatch in
the pixel circuit cannot be reduced and the other is that
both amplifier and the capacitors are widely adopted to
fulfill the amplified FPN suppression functions which
will inject the additional noise and increase the chip size
in conventional CDS technique.

Another method to reduce the FPN is pixel calibra—
tion technique *'* . In this approach FPN calibration is
implemented by gain control transistors controlled by on-
chip DAC  which consumes large chip size and increase
the complexity. In addition the temperature response
and uniformity are inevitably serious degenerated by the
gain control transistors variation threshold voltage.

This paper presents a readout circuit structure to
solve the above mentioned problems. FPN is reduced by
two ways in this novel readout circuit. First the row
shared gain-controlling NMOS transistors and stable dark
current suppression circuits adopted in front-end circuit
can reduce the pixel FPN. Second a novel CDS struc-
ture with signal capacitor is also proposed which can re—
duce the column FPN introduced by amplifier offset
noise. The proposed ROIC is featured with low FPN
high signal-noise ratio ( SNR)  high uniformity and small
chip area of the CDS structure.

1 Circuit structure descriptions

1.1 Circuit architecture

The proposed ROIC consists of an M x N pixel bias
array dark current suppression unit currentvoltage
conversion unit signal capacitor CDS unit and output
unit ( Fig. 1) . An active pixel array connected to the M
x N bias array responds to infrared radiation. The cur—
rent directly proportional to the changed resistance is
then generated as an infrared radiation signal including
the radiation-generated current and the dark current.
These current signals are read out by the readout inter—
face and transferred to the dark current suppression unit
subsequently. Dark current is then suppressed by the
dark current suppression unit. The current-voltage con-
version is located at the end of each column which is
implemented by a column shared capacitor trans-imped—
ance amplifier ( CTTIA) . The CTIA performs the current—
voltage conversion by integrating. The column shared
CDS stage is proposed to reduce the FPN which saves
the active pixel and reference signals and effectively de—
creases the noise through differential output existing in
both the active and reference signals in sequence. Final-
ly the output circuit transfers the output signals to the

following part of the IFPA signals processing system.
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Fig. 1 Readout circuit architecture
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1.2 Novel FPN suppression method
1.2.1 Front-end circuit

The front-end circuit generates the bias voltage ap—
plied to the bolometer pixel and converts the pixel resist—
ance changes to the current changes. The output current
non-uniformity is one of the most concerned parameters
which directly influences the IFPA image quality. Taking
into account of improving the non-uniformity of the cir—
cuit the front-end circuit is proposed in Fig. 2.

It is composed by pixel bias array dark current
suppression unit and current-voltage conversion circuit.
The main property of the pixel bias array circuit is to bias
the bolometer and respond to the infrared radiation by
resistance change. The pixel array is biased by a voltage
through a MOS transistor My1. The detection current can
be obtained:

1 MN]
I, = ?lu’nCOX %( Vig = IpR;, — VTH) ?

MM
(1)
where W, is the width of the My, L, is the length of
the My, V,H is the threshold voltage of the NMOS tran—
sistor C,y is the capacitance per unit of the transistor is
the mobility of the electron R, is the resistance of the
micro-bolometer. Figure 2 also shows the pixels in the
same column have the same variations of V,, not affect—
ed by the row-o<ow V,, variations " which will im—

prove the output non-inearity.
However the dynamic range and the charge storage
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capacity are limited by the dark current which should be
skimmed before the integration stage for applications in
high background radiation condition.

The dark current suppression circuit is composed of
a PMOS device M;, a dark resistor R, and a high-gain

differential amplifier ( AMP,) . M,, is used to bias and
sense the bias resistor R;. AMP, is connected between
the M,, gate node and the bias resistor node. The bias
voltage can be stabilized to Vg due to the deep negative
feedback of the amplifier. The compensation current I,
can be expressed as:

IB — VCC B VCSK

o (2)
where R is the bias resistance to match the active pixel
which is shielded by a blind mask not influenced by in—
frared ray. Adjustable bias voltage V. is generated by
programmable digital to analog converter ( DAC) outside
the chip. So the detector current can be obtained:
I =1, - I - (3)

The differential current /, is then integrated in CTIA
located at the end of each column.

Due to row shared gain-controlling NMOS transistors
M, and stable compensation current generated by the bi—
as voltage Vi g

and low FPN.

this circuit has a good high-uniformity
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Fig.2 Proposed FPN suppression circuit
2

1.2.2 Improved single capacitor CDS circuit

In order to reduce the FPN noise caused by column
readout circuits a novel CDS structure with signal ca—
pacitor is proposed. Single capacitor CDS circuit consists
of source follower ( My, My, My,) CDS capacitor
(Ceps)  sampling switch ( TG1)  reset switch ( My,5)
output voltage follower ( My, Mps Mg Mo M)
and column select phase switch ( TG2) ( Fig.3) .

Figure 4 shows the timing waveforms for the pro-
posed readout structure of the CDS circuit. The sequen—

cer on chip generates all digital signals necessary for a
synchronous ROIC operation. CDS circuit realizes its ca—
pabilities through two periods: ( I) one clock before inte—
gration completion CRES goes at low level M,; turns
on The B point of Cpg is charged by reference voltage
Veow- SAMP turns from high level to low level TG1
turns on source follower ( My, M,, M,,) start to
take effect. ( II) After the integration completes INT
( control signal for S;, Fig.2) turns to high the inte-
grator output voltage is set to Voo, before that CRES
turns from low to high the B point of C is suspended.
At stage (I) the voltage of A and B point can be ob—
tained as follows:

VA( I) = Vu‘g + VSG mprz Vofs'et + Vna[sel (4)

V(D) = Veoy - (5)

1, T
Cc

int

In Eq. (4) V., =Veou -

s

is integrator output

signal Vg, 1, is My, source-gate voltage V., is AMP1
Vi 18 noise introduced by FPN noise of
integration circuit.

At stage (II) CRES turns from low to high which
lead to the B point of Cgp be suspended. INT turns to
low after that the integrator circuit is reset as the char—
ges across the capacitor Cps cannot be mutated:

Cops{ Vi) = V(D) } = Cop{Vi( ) = V(1) }
. (6

At stage ( II) the voltage of A and B point Car(l b)e

obtained as follows:

VA( ]]) = VC()M + VS(; mp2 T an/iw: +V

noise2

offset voltage

(7)

It should be noted that due to the dominant noise is
lowHrequency noise induced by the focal plane array
there is significant correlation between the two sam—

plings so V, ...=V.., can be formulated we can thus
obtain:
VB( ) = 2Veon = Vsig . (8)
I, T
Using V,, = Veoy — le in Eq. (8) we obtain:
mnt ] T
Ve( 1) = Veoy + Cli - (9)

As seen from Eq. (9) the FPN noise has been e—
liminated by charge transfer when sampling completed.
The voltage response to radiation is stored in capacitor
Ceps  which is irrelevant to the offset voltage V.

The FSYNC and DATAVALID are output pins indi—
cating the output data status which are also controlled by
the internal sequencer. The frame synchronization
FSYNC denotes a new frame while DATAVALID indi-
cates a new row. When DATAVALID goes high the col-
umn select phase ( COLI-COLN) is enabled serially to
sample the voltage signals one column after another and
transfer them to the output stage.

2 Experiment results

The HSPICE simulations are performed for AMS
0.35 pwm 2P4M process. Figure 5 shows the simulation
of integrator output voltage with different input current
sweeps from —70 nA to 70 nA. The simulation is imple—
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Fig.3 Proposed single capacitor CDS circuit
3

mented at 5 V power supply 58 s integration time and
3.75 pF integration capacitor. Figure 5 shows the inte—
gration circuit with performance of the high linearity and
nearly rail to rail output swing.

Figure 6 shows simulation waveforms of point A B
and C in Fig. 3 with 15 nA input current. It also indi-
cates how CDS circuit works. During stage (1) the out-
put signal of the integration node ( C) is sampled on the
point A ( V,) at the end of integration phase which is
held until the stage ( II) . The voltage of point B ( V) is
equal to the V.OM because CRES is set at low level
M,,; is on  which makes point B connected to the refer—
ence voltage ( V,,,) . In stage (I) V,is2.299 V and
Vpis2.50 V. In stage (II) M, is set off firstly which
causes the point B suspended. In stage ( [I) point A is
connected to the negative of the AMP1 so V, is changed

Integration

B .
time

E—

50F
45F
40F
351
3.0F
25F
20F
15F
1.0F
05F

Integration t voltage/V

0 10 20 30 40 50 60
Time/us

Fig. 5
waveforms on the integration node of one unit cell

5

Parametric sweep and its performance analysis

to 2.963 V. Since the capacitor Cg,g charge cannot be
mutated V, is changed to 3. 162 V. During the CDS

stage FPN of integration unit and the source-gate voltage
of M,,( see Fig.3) are eliminated effectively.

Figure 7 shows the noise spectral density of the
front-end circuit the noise is simulated under the condi-
tions of zero input to remove the effect of the input cur—
rent. As shown in Fig. 7 the low frequency noise is in
leading side and the RMS noise of the front-end circuit
can be calculated through integration in effective band—
width range which is 7. 196E-41 A. To estimate the
output noise of the proposed circuit sampling is per—
formed at the output note and then the noise spectral
density can be calculated as shown in Fig. 8 in which 0
dB is defined to be 1 V*/Hz and the RMS noise is
0.024 mV. The corner simulation is also performed to
estimate the FPN suppression effect the conditions of

Integration

INT |

Integration of row 1

reset time Integration of row 2

SAMP | I |

Stage (1) ———i» - Stage (2)

L

CRES | |
—

L
L L

Data of column 1 from
frame X-1 enable

Data of column 1 from
| <+—— frame X enable

COL1
Data of column 2 from Data of column 2 from
-—
coL2 F— frame X enable [ frame X enable
Data of column N from
COLN . frame X-1 enable | |
ouT —(Data of row M from frame X->:—< Data of row 1 from frame X>—
Availability for readout of frame 1 ——— m
FSYNC il
DATA | |<— Data of row M available | |<—Data of row 1 available
VALID

Fig.4 Timing waveforms for the proposed circuit

4
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Fig. 6 Simulation waveform with 15 nA input current

6 15 nA

corner simulation is shown in Table 1. We choose five
different threshold voltages of NMOS and PMOS as the
corner simulation conditions. Figure 9 shows the simula—
tion results. The FPN introduced by the threshold volta—
ges can be well suppressed with proposed CDS circuit.

3501
300
250
200
150
100

L(pA/sqrt(Hz))

S50
oF

-50 1 L L L L L L L )
104 10° 102 10" 10° 10" 10* 10° 10* 10°

Frequency/Hz

Fig.7 Noise spectral density of front-end circuit

7
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>
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Frequency/kHz

Fig. 8 Noise spectral density of outputs
8

Figure 10 shows the die photo of the 16 x 16 ROIC
chip which is fabricated under AMS 0. 35 pm CMOS

process and the evaluation board of the chip. A unit cell

Table 1 Conditions of corner simulation

1
Conditions Vo ( NMOS) Vo ( PMOS)
TT 552 mV -649 mV
FF 503 mV -598 mV
SS 605 mV -694 mV
FS 503 mV - 694 mV
SF 605 mV -598 mV

consumes a 30 pm x 25 pm area and less than 0. 05
mW power. The power supply for the chip is 5 V. The
compensation current and bias current are globally cali-
brated by the adjusting control voltages Vi and V,, u-—
sing the discrete 16 bit DAC ( AD5541) . The reference
voltage of integration and CDS circuits is supplied by the
2.5 V reference source ADR421. In order to obtain the
chip parameters such as injection efficiency output line—
arity and FPN suppression performance high precision
current source is used to generate the DC current simula—
ted as the infrared current. 24 bit ADC ( ADS1258) is
implemented to convert the output voltage to the digital
signal and the output signal can also be observed by the
oscilloscope. The overall timing and control sequences
are generated using FPGA connected with the evaluation
board by the pin connector.

24 mm without CDS

m with CDS

Outputs/V

2.0

TT FF SS FS SF
Simulation conditions

Fig.9 Corner simulation results

9

el Contml‘ReferenceH IFPA H DAC ‘

o [ T

‘ Power HROICH ADC
l[——

Fig. 10 The evaluation board of the chip
10

Figure 11 shows the measurement waveform of the
readout chip. The red waveforms is the output of the
NODE A and the blue waveforms is the output of the
NODE B. The test curves coincide well with the simula—
tion curves which also validate the soundness of the pro—

posed ROIC.
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The output noise measurement was performed by
reading a 16 x 16 array 1500 times and performing noise
power density. Data acquisition is delayed by 10 s to sta—
bilize the array after one frame data acquisition comple—
tion. Pixels in four rows are simultaneously measured in
order to accurately evaluate the ROIC noise ( Fig. 12) .
Low frequency noise is in leading side in output noise as
the CTIA is a low pass filter with the band-width half of
the reciprocal of the integration time. The integration
time is set to 30 ws in the experiment so the band-width
is 16.7 kHz. Additionally the maximum measured root
mean square noise (0. 01 ~1 Hz) is 0. 178 mV ( Row
Two) .

Figure 13 shows the measured output linearity. Ex-—
tend blackbody is used to simulate different temperature
target with temperature range from - 10°C to 80°C.
The integration time is set to 58 s with 3.75 pF integra—
tion capacitance. Figure 10 indicates that the proposed
structure possesses better than 99% linearity with output
voltage swing from 0.53 V t0 4.38 V under temperature
range from 5°C to 70°C. We can also calculate that the
voltage responsivity is 59 mV /K.

Figure 14 shows the 16 x 16 ROIC FPN test results
by blackbody calibration. The 16 x 16 pixel micro-bo-
lometer was placed at 30 degrees blackbody environment
without infrared radiation. Required timing waveforms
were generated by FPGA  and high-precision data acqui—
sition system was used to measure the output voltage.
Figure 14 ( a) is the test results of the proposed ROIC
without CDS circuit it can be seen from the figure the
circuit has a large FPN noise because the offset voltage
have a great influence on the results. Figure 14 ( b) is
the test results of the ROIC with proposed CDS circuit.
The max-min output non-uniformities caused by FPN
with the conventional and proposed readout integrated
circuit are 16 mV and 3.5 mV respectively. The pro-
posed scheme output non-uniformity is reduced to 22 %
compared to the conventional scheme. It can be seen
from the figure that the FPN noise can be significantly
suppressed with proposed row shared gain-controlling
NMOS transistors and single capacitor CDS circuit the
focal plane could exhibit a better uniformity.

Some key parameters of the chip are measured and
the comparison between this work and other ones of the
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Fig. 12 Measurement of the output noise spectrum
(a) output noise spectrum of row one (b) output
noise spectrum of row two (¢) output noise spec—
trum of row three ( d) output noise spectrum of
row four
12 (a)
(b)
(c) (d)

literature is listed in Table 2. As shown in Table 2 the
test results demonstrate the ROIC with the inherent ad—
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(a)
vantages of low noise and high dynamic range. Further—
more benefit from the proposed two-step FPN suppres—

sion method the fixed patter noise is also significantly
reduced.

3 Conclusions

This paper proposes a ROIC which could dramatic—
ally decrease the FPN caused by pixel noise and column
mismatch. The ROIC consists of an M x N pixel bias
array dark current suppression unit
conversion unit

Output vo\tage/\]

current-voltage
signal capacitor CDS unit and output
unit. The inherent advantages of low noise and high uni-
formity make the proposed readout circuit fit for the ap—

plication of the high uniformity and high performance TF-
PA.

(b)
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