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Abstract—This paper presents a new low-power readout
structure for 1024×6 infrared focal plane array with 1/2 sub-scan
time-delay-integration (TDI) and delay-locked-loop-based (DLLbased) analog-to-digital (A/D) function. The circuit is of low
power for its passive sampling, delay, and summation completed
by capacitor array. Multiple-capacitor structure is also used to
make the circuit suffer less from capacitor mismatch. 1/2 sub-scan
function and the distribution of detector array contribute to
higher resolution in the direction both along the track and across
the track. And the TDI function is combined with A/D process in
terms of circuit structure and timing sequence, reducing the noise
and enhancing the frame rate. The 14-bit ADC is divided into
coarse quantization part and fine quantization part. The former
is a conventional 11-bit single-ramp ADC and the latter is realized
by 8-phase clocks generated by DLL. This circuit also supports bidirectional scanning and two types of detectors whose photocurrent flows into or out of the readout circuit.
Keywords—Time-delay-integration (TDI); sub-scan; Infrared
Focal Plane Array (IRFPA); Delay-locked-loop (DLL); Analog-todigital converter (ADC)

I.

INTRODUCTION

Infrared (IR) imaging systems have been widely used in
commercial, military, and scientific applications. In these
systems, infrared focal plane array (IRFPA) is a core
component, which consists of infrared sensor array (Fig. 1) and
readout integrated circuit (ROIC). Scanning IR imaging
systems ope-rating in time-delay-integration (TDI) mode can
increase the integration time and the signal-to-noise ratio (SNR)
significantly without the deterioration of frame rate and
resolution. The imp-lementation of TDI function is the key of
TDI ROIC design [1].

imitate the working mode of CCD,bucket-brigade device (BBD)
structure or pipelined charge transfer architecture is widely used
in TDI implementation [5]. However, in these discrete-time
analog delay line, noise performance has the space for
improvement, for noise is transferred and accumulated from one
stage to the next; also, structure with multiple capacitors is
proposed [6][7]. In spite of its low power and small size, the
combination of summation capacitors is unfixed, resulting in
unfixed noise due to mismatch of the capacitors; another
multiple-capacitor structure has been proposed in [8] but the
performance of this circuit relays on high gain of the operational
amplifier and the structure separates TDI function from analogto-digital (A/D) converting, introducing noise and lowering the
frame rate.
In this paper, a new structure for 1024×6 TDI readout circuit
in 0.18µm CMOS technology is presented, and the circuit works
in the mode of 1/2 sub-scan, which means that the scan step is
half of the sensor pitch, enhancing the resolution in the direction
along the track. The structure has the advantages of low power,
low noise, suffering less from the capacitor mismatch, and
combining TDI function with analog-to-digital converting. The
architecture of proposed circuit is described in section II.

Many realization methods for TDI algorithm have been
proposed in CMOS technology. In general, the implementation
of TDI function can be divided into analog methods and digital
methods. For digital methods, analog signals are converted into
digital domain once read in and the system completes the
process of time delay and signal summation in digital domain
[2-4]. These methods suffer from frequent signal transfer among
TDI stages and multiple analog-to-digital converters (ADC),
which results in high power and large area. For analog methods,
several structures have been proposed: in CMOS technology, to
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Fig. 1. Diagram of detector array 1024×6

Simulation results and discussion are presented in section III,
and the paper is concluded in section IV.
II.

CIRCUIT DESCRIPTION

A. Block Diagram of the Focal Plane Array
The focal plane array (FPA) consists of the detector array
(Fig. 1) and the readout circuit (Fig. 2). The 1024×6 detectors
are divided into two 512×6 detector arrays, in each of which the
distance between two adjacent sensors is 34μm and there is
17μm shifting in the direction across the track between these two
arrays and the distance in the direction along the track is 68μm
as shown in Fig. 1. With this 17μm shifting distribution, the
circuit can achieve the space resolution of 17μm across the track,
which is half of the detector’s pitch. For the readout circuit,
1024 channels are the main part and they are divided into 512
odd channels and 512 even channels. The diagrams of these two
groups are identical and Fig. 2 shows one of them. It is made up
of capacitor transimpedance amplifier (CTIA) stages (the CTIA
stage can be replaced by source follow per detector structure or
direct injection structure if high linearity is not required),
sample-and-hold (SH) capacitor arrays, ADCs, the memory, and
their auxiliary blocks. Delay-locked loop (DLL) is used to
generate 8-phase clocks for the ADC and Gray-code counter is
part of ADC as well. As shown in Fig. 2, parts of the modules
adopt 5V supply to gain wide range and other parts adopt 1.8V
supply to lower the power consumption.

these capacitors are part of the sample-and-hold circuit; on the
other hand, they are part of the ADC. Fig. 3 demonstrates the
control signals of these 12×6 capacitors and there are totally 12
SH signals and 12 AD signals that control the process of sampleand-hold and analog-to-digital converting respectively. As part
of the sample-and-hold circuit, every cycle one of the 12 SH
signals turns “1” and one capacitor of every detector samples the

B. Architecture of Main Signal Path
Fig. 3 shows the schematic of one channel, which is the main
signal path of the structure. The front end of a channel is a CTIA
stage. Photocurrent from the detector is accumulated on the
CTIA stage and the current signal is thus converted into the
voltage signal of node X as shown in the picture. There are two
states for the CTIA stage, which are resetting and integration.
When the CTIA stage is reset, the voltage of one capacitor plate
is set to Vcm and the other is set to VR, which is 1V or 4V in this
design. With this variable VR, the ROIC can be applied to two
kinds of detectors whose photocurrent flows into or out of the
ROIC. After the circuit completes the integration process, the
switch “INTn” turns on, keeping the voltage of node Y Vcm to
avoid large charge injection from the switch “INT” when it turns
on. Besides, the sizes of these switches are designed to cancel
the charge injection.
For the capacitor array, this design uses 12 capacitors for one
detector to make the circuit suffer less from the capacitor
mismatch and to achieve 1/2 sub-scan function. On one hand,

Fig. 3. Schematic of proposed structure

Fig. 2. Topology of 512 even/odd channels
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voltage of node X. Due to multiple capacitors, this circuit
suffers less from capacitor mismatch. Assume that the six
undistorted voltage signals of node X from the (12n+m)-th row
of the image are V1, V2, V3, V4, V5, and V6 respectively (n=0, 1,
2…; m=1, 2, 3…12). And they are sampled by C1<m>, C2<m>,
C3<m>, C4<m>, C5<m>, and C6<m> respectively. Taking
some practical factors, like noise, into consideration, these
signals become V1+∆V1 to V6+∆V6 (this part of distortion is due
to the input circuit). Also, mismatch exists in the capacitors.
Assume all sample-and-hold capacitors are designed to be same
and noted as C, but the practical value turns out to be C+∆C1 to
C+∆C6 due to mismatch. When capacitors are paralleled to be
readout, ideal and practical voltage between their two plates are
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To simplify the expression and to evaluate the order of the difference, assume that the distortion voltage, from ∆V1 to ∆V6, equals to ∆V, and that mismatch, from ∆C1 to ∆C6, equals to ∆C.
Thus, the difference is
∆ ∆

−
≈
(3)
As shown, the distortion of the sampled voltage still influences the final output, but it is decreased largely by the capacitor
array. In contrast, in traditional structure, this distortion is much larger. In the same assumption and simplification, the diffe∆
rence is proportional to
.
As part of the ADC, one plate of each capacitor is connected
to the ramp signal and the other is connected to a comparator as
shown in the picture. The proposed structure uses the same
capacitor group to finish the sample, delay, summation, and A/D
process. Without additional signal transfer from one stage to
another, the noise is low. Other ADC components include one
judgment circuit and one memory block; Gray counter, DLL,
and the ramp generator are public. The judgment circuit is used
to tell which phase the comparator pulse is in and output the 3bit fine quantization.
C. TDI Timing Sequence with 1/2 Sub-scan
The TDI operation with 1/2 sub-scan is demonstrated in Fig.
4. The picture shows 14 rows of the object passing through one
channel, which consists of six detectors (in fact the object is
static and the detector array moves). The size of a detector is
34μm×34μm, and we set the scan step to 17μm, half of 34μm,
to achieve 1/2 sub-scan function. We consider the central 17μm
part of the detector as photosensitive and the rest as insensitive
because for a detector, its central part is the main resource of the
photocurrent. Every row cycle, the object moves 17μm relatively as shown in the picture, and when a row of the object aims
at the central of a detector, the row is detected and detector’s
current signal is converted into voltage signal and then stored on
a capacitor. After a row is detected for six times, its signals will
be converted into digital domain. For example, row 1 is detected
in T1, T3, T5, T7, T9, and T11 successively and these six signals
of row 1 are converted into a digital signal in T12; row 2 is
detected in T2, T4, T6, T8, T10, and T12 successively and the
digital signal of row 2 is generated in T13. The row cycle is

Fig. 4. Timing sequence of TDI operation with 1/2 sub-scan

20μs in our work and the imaging period for one row of the
object is thus 12 row cycles, which is 240μs.
The control signals are shown in Fig. 5 and the connection
relationship is shown in Fig. 3. For the sample-and-hold part,
the CTIA stage is reset every row cycle and then integrate the
photocurrent under the control of “RST” and “INT” signals
respectively. The period of each “SH” signal is 12×Trow and
these signals are single-pulse signals with Trow delay respectively as shown in Fig. 5. For the ADC part, the comparator
is reset every cycle before the A/D converting, charging
comparator’s input capacitor and parasitic capacitor to Vcm to
eliminate their impact to the input signal at comparator’s turning
point. After that, A/D process starts when an “AD” signal turns
“1”. The connection in Fig. 3 guarantees that six signals of the
same row of the object will be stored in the capacitors with the
same order number and that these signals are read out in the
same row cycle. For example, row 1’s signals are stored in
C1<1>, C2<1>, C3<1> , C4<1>, C5<1>, and C6<1> and thus
the “SH” control signals of these capacitors are SH1, SH3, SH5,
SH7, SH9, and SH11 respectively as shown in Fig. 3; row 1’s
signals are output in T12 so the “AD” signals of these capacitors
are AD12. Besides, the structure also supports bi-directional
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Fig. 5. Control signals of the readout circuit

scanning. Without changing the connection between the
switches and the control signals, we just need to change the
control signals, which is easy to complete within the digital
control circuit.
D. Analog-to-Digital Converting
In this design, one row cycle is 20μs, limiting the total time
of analog-to-digital converting. If 19μs is used for converting,
for conventional single-ramp ADC, 14-bit converting needs a
clock of around 860MHz, leading to high power, difficulty in
clock generation and distribution, and high requirement for the
digital circuit’s speed. The proposed structure combines the TDI
function with the A/D process and realizes 14-bit converting
with multi-phase clocks. When “SH” switches turn off and “AD”
switches turn on, the voltage of two plates of the capacitor
changes according to charge conservation principle. As the
ramp signal rises, the comparator’s output will change when
Vramp equals to Vin, which can be qualified with counter’s output.
In our work, the frequency of the counter’s clock is about
108MHz, which is easy to get and it can finish 11-bit A/D coarse
converting. This coarse quantization part is the same as
conventional 11-bit single-ramp ADC. For the fine quantization
part, the 8-phase clocks generated by DLL can finish the additional 3-bit converting. Fig. 6 demonstrates how this sub-cycle
quantization works and we take Vin1 and Vin2 for examples. As
shown in the picture, there are two different signals output from
the comparator: the blue one is for Vin1 and the red one for Vin2.
Their rising edges fall into the same cycle of CK1 so they will
get the same coarse quantization value. But with 8-phase clocks
(CK1 to CK8) the circuit can judge which phase of the cycle they
are in by comparing the rising edges of the 8 clocks with the
comparator’s output. For instance, Vin1 is in phase 5 and Vin2 is
in phase 2, which can generate 3-bit fine quantization value.
This method lowers the design requirement for the clock signal
and the digital circuit without degeneration of ADC’s accuracy.
III.

Fig. 7. Layout of 128 channels

With the capacitor array, unlike traditional TDI structure, signals
on the capacitor don’t need to be transferred from one stage to
another in the TDI operation, eliminating the noise introduced
by the transfer process. And in the A/D process, the proposed
structure uses the same set of capacitors, just connecting one
plate of each capacitor to Vramp, preventing additional sampling.
The capacitor array also leads to passive sampling, delay, and
summation, which results in great reduction of power
consumption because these operations are traditionally done in
active ways. Multiple supply voltages are adopted as shown in
Fig. 2, where 5V supply is used to get wide range and 1.8V
supply is used to lower the power. With DLL’s 8-phase clocks
to achieve the 3-bit fine quantization, the usage of highfrequency clock is avoided, saving the power as well.
IV.
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