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Abstract—Time delay integration (TDI) imaging sen-
sors are used in remote push-broom sensing systems
to improve the image quality in low light or when
the relative speed of the scene and the detector is
large. As the light from the scene accumulates in
succession on each row, an accumulator adds the
signals. The accumulator limits the signal-to-noise
ratio of the TDI imaging systems. This paper presents
an 8-stage, charge pump-based TDI accumulator ad-
dressing the saturation problem of integration-based
accumulators. A prototype microchip of 128 x 8 TDI
stage has been designed and fabricated in AMS 350
nm 1P4M OPTO process. The supply voltage used is
3.3 V with a pixel pitch of 10 ;m. The measured SNR
improvement for the 8-stages is 10.6 dB.
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I. INTRODUCTION

Time delay integration (TDI) imaging sensors are
used in remote push-broom sensing systems. It is
used to improve the image quality in low light or
when the relative speed of the scene and the detector
is large. A large relative motion between the scene
and the detector results in blurred images. In TDI,
the pixels in the along-track direction capture the
same target multiple times, therefore extending its
equivalent integration time [1-2].

A typical 4-stage TDI operation has been demon-
strated in figure 1. An object Ol is captured by
pixels P1-P4 at time intervals t, — t3. As the light
from the scene is accumulated in succession on
each row, an accumulator is used to add the signals.
The extended integration time or accumulation of
the same signal significantly improves the Signal-
to-Noise (SNR) ratio of the captured image [3-4].
In the analog-domain accumulation, the output of
the pixels are accumulated by an analog accumu-
lator and then quantized by column ADC. The pre-
ferred choice of accumulator in the analog domain
is switched capacitor-based integrator [2,3,5]. The
maximum accumulated voltage for switched capac-
itor integrator-based accumulator depends on the
supply voltage and thus has a limited accumulation
and dynamic range.
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Figure 1: TDI operation

The multiple captures of the same scene work well
in low-light environments or with a lesser number of
TDI stages. In the presence of moderate or high light
or as the number of TDI stages increases, the output
of the accumulator saturates [2,5]. High precision
and high linearity accumulation in low light have
always been a problem with TDI [6]. Conventional
integrator based accumulators have limited voltage
swing and thus it becomes problematic in case of
higher number of TDI stages or in case of over
exposure of signals.

In this paper, a charge pump based hybrid TDI
accumulator is presented. Charge pump based ac-
cumulator helps in utilising a hybrid mode of ac-
cumulation where analog as well as digital sum-
mation can happen. The hybrid algorithm also
solves the accumulator saturation problem often
seen with switched capacitor-based integrator. The
hybrid mode extends the cumulative range of the
TDI accumulator improving the SNR. A prototype
chip has been designed and characterized in AMS
350 nm 1P4M OPTO process. The SNR boost ob-
tained using charge pump-based accumulator is
10.6 dB for an 8-stage TDI.

The rest of the paper is organized as follows: sec-
tion II describes the imager architecture, section III
describes the measurement results and conclusions
are presented in section IV.
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Figure 2: Proposed TDI architecture

II. SYSTEM ARCHITECTURE AND CIRCUIT

The proposed system architecture for the linear
TDI sensor is shown in figure 2. The TDI sensor
consists of four components (a) 3T-APS (active pixel
sensor) (b) correlated double sampling (CDS) with
pulse width modulator (PWM) in column (c) charge
pump-based integrator and (d) slope-based ADC for
digital conversion. A 3T pixel with an extra switch
between the photodiode and the source follower is
used to decouple the sensing and storage nodes. The
operational timing diagram for the sensor is shown
in figure 3.

The integrated output of the pixel is transferred to
column using in-pixel source follower. The output
of the column is sampled on the CDS capacitor
(C1). The sampled output is compared with a ramp
in comparator (compl) to get a PWM signal. The
width of the PWM signal represents the incident
light intensity on the photodiode. The resultant
PWM_out signal controls the charge pump. This
charge pump functions as a TDI accumulator or
TDI cell. When PWM_out signal is high, capacitor
bank C; is charged with a DC current source I,.
The accumulated output of the charge pump (V)
is compared with a fixed reference comp_ref in a
clocked comparator (comp?2).

A feedback circuitry using comparator comp2 is
used to monitor the output of the charge pump (V).
It resets C; through switch S5, when V., exceeds
comp_ref value. The output of comp2 is stored in a
6 bit counter which tracks the total number of com-
parator triggering. The counter output is stored in a
memory and provides the 6 MSB bits coarse conver-
sion of the ADC. For PWM_out signal being active,
the charge pump accumulates. When PWM_out is
inactive, the charge pump holds its output V,,. The
stored V.,, is quantized for fine conversion using a
single slope 8-bit ADC. The resultant digitized signal
is the combination of the 6-bit coarse and 8-bit fine
conversion. The effective ADC resolution is 14 bits.
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Figure 3: TDI operation

A. Charge pump accumulator theory

For high light, comp2 can trigger multiple times.
It results in multiple integration cycles for C,. Thus
total pulse width of PWM signal is given as

TPWM = nT(;h + Tres (1)

where n is the number of times capacitor Cs is reset,
T.;, is the charging time till V., reaches comp_ref
value and T,.s is the time left in PWM pulse after
multiple reset signals.

Since the charge pump feeds the input to both
analog and digital mode of accumulator conversion,
the total digitized output is the sum of both analog
as well as digital outputs. Thus digitized output is
given as

(Vout)eqg = (Vout)ana + (Vout)gig 2)

where, Vout,,, is the analog output which is the
residue voltage stored on Cs. Vouty;, is the voltage



Figure 4: Measurement setup

Figure 6: Captured images using prototype sensor (TDI 1 to 8 stage)

output equivalent to the number of times the charge
pump is reset. The analog output can be written as

Tres I

1.,7T,
Vout)ana = P ¢ = pres 3)
Vout)ws = [ 8 - (

In case of coarse conversion digital equivalent
voltage Vouty; can be given as

Vi [ e g / M Ly g @
dl o 02 0 02

where 7., is the charging time till V,; reaches
comp_ref value, Ty, is the excess delay time be-
cause of comparator delay. Excess delay term will
come into picture only when residue voltage exceeds
comp_ref and comparator gets triggered.

Thus digital equivalent of voltage that can be
stored on C; when comparator triggers is

Icp(Tch + Tdel)
Cs
1., keeps on charging V., even when comp?2 is high
and V., is grounded. This results in a loss of charges
which should have been part of the accumulation.
Thus for multiple integration cycles, the equivalent
digital output is given as

Var = (5)

(TL — 1)IcpTclk
Cy
where 7T, is the comparator clock time when capac-
itor (5 is forced to reset value while being charged

(Vout)gig = n(Var) — (6)
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by the current source. The n —1 term in equation (6)
denotes the loss of charges in accumulation.

1., (T, T, - 1)1.,T.
(Vout)dig _ n cp( cCh’"' del) . (n C)’cp clk (7)
2 2

Thus the total digitized output can be written as

(Vout)eq _ IcpTres + nIcp(Tch + Tdel) _ (’I’L — I)ICpTclk

C 2 CQ CQ

(8)
Rearranging equation (8),

I
(VOUt)eq = C_:(Tres + n(Tch + Tdel) - (’I’L - 1)Tclk) (9)

The comparator clock is chosen to be at a rela-
tively higher frequency compared to the PWM. Thus
Tar << Tpwn. So equation (9) can be simplified as

I,
(Vout)eq = L (Tres + n(Tpwar + Taer))

C (10)

The maximum output voltage, (Vout)., is limited
by a maximum swing in the analog domain but
its digital equivalent is limited by the maximum
count n that the counter can support. Thus total
accumulation range can be enhanced n times by
combining the coarse and fine conversion.
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Figure 7: SNR boost plot

III. MEASUREMENTS RESULTS

Figure 4 shows the microchip photograph of the
proposed TDI sensor. The TDI sensor is fabricated
in AMS 350 nm OPTO process. It works on 3.3 V
power supply. The pixel pitch is 10 ym x 10 pm.
Figure 5 demonstrates the measurement setup. A
linear actuator-based stepper motor has been used
to provide orthogonal movement of the object with
respect to the sensor. Corresponding images have
been captured using Pleora iPORT CL-U3 frame
grabber.

Figure 6 shows the images captured using the
prototype sensor. These images are unprocessed
images. As the TDI stage increases, the captured
images have an improved SNR as expected. The ac-
cumulator suffers from non-idealities of the charge
pump and hybrid ADC architecture. Therefore, the
effective ADC resolution measured is 12-bit. The
measured performance of the prototype sensor is
summarized in Table. I. Figure 7 shows the mea-
sured SNR boost plot. The measured SNR with 8-
stage TDI demonstrates an SNR improvement of
10.6 dB. The SNR boost obtained in [6] is 9.2 db
for 8-stage TDI. Power dissipation per column is
16.5 yW at a line rate of 620 Hz.

Table I: Sensor characteristics

Technology (nm) 350
Pixel type (um) 3T APS with extra switch
Array size 128 x 8
Pixel pitch (um) 10
Supply voltage (V) | 3.3
Max Line rate 1.07 kHz
Power consumption | 16.5 uW per column @ line
rate of 620 Hz
SNR boost 10.6 dB

IV. CoNcLUSION

A prototype of 128x8 TDI sensor has been de-
signed and fabricated in AMS 350 nm 1P4M OPTO

process. The TDI imager uses charge pump based
accumulator. The accumulator is reset based on the
PWM signal generated proportional to the incident
light intensity. The combination of the number of
times the charge pump is reset and the residue
voltage left on the charge pump gives a 12-bit res-
olution. The limitation in the resolution is due to
the noise of the comparator. The proposed imager
overcomes the swing limitation of conventional in-
tegrator based imagers by utilising hybrid mode of
accumulation and provides a 10.6 dB SNR boost.
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