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A Low-Noise Line-Amplified MOS Imaging Devices 
Toshifumi Ozaki, Hajime Kinugasa, and Takashi Nishida 

Abstract-A new MOS imaging device is proposed. It has an 
amplifier and a correlated double sampling (CDS) circuit at 
each vertical signal line and an offchip smear differential gear. 
The 1/2-in image format, 500 X 485 pixels, is designed on 
1.5-pm CMOS technology and its fundamental characteristics 
are analyzed. Random noise is 120 PA, and the aperture ratio 
is greater than 70%. The smear level is 100 dB. The fixed pat- 
tern noise is 2000 pA in the dark, 0.62% in light. Some advan- 
tages of this device include a 5-V power supply requirement, a 
high saturation current, a high signal-to-random-noise ratio 
and a low smear level. However, the fixed pattern noise in the 
dark must to be lowered. 

I. INTRODUCTION 
OLID-state imaging devices have been widely used for S home video cameras. However, there is a great need 

to reduce the image format, thereby making the camera 
more compact. Conversely, future high-definition TV 
systems will require 5 to 8 times as many pixels as current 
devices contain [1]-[4]. In order to meet these require- 
ments, the size of each pixel element needs to be reduced 
to allow for a higher pixel density. 

There are two types of imaging devices: a CCD type 
and an X - Y  addressable MOS type. Currently, an inter- 
line-CCD [ 5 ] ,  [6] is mainly used commercially because 
of its low random noise characteristics. In the CCD de- 
vice, however, the photodiode and vertical transfer struc- 
ture exist on the same plane. As a result, two problems 
prevent a reduction of the pixel size, even if fine process 
technology were used. First, the area of the vertical-trans- 
fer structure cannot be reduced since it must be capable 
of storing the charge for a saturated signal. Secondly, the 
isolation length between the vertical-transfer structure and 
photodiode must be preserved in order to maintain the 
smear level. 

A pixel of an X - Y  addressable MOS sensor [7], [8] 
could be scaled down by implementing a smaller process 
technology. There would be no similar problems as those 
encountered with the interline CCD. However, parasitic 
capacitance of a signal line does cause a 10 times greater 
random noise level than in CCD. Accordingly, the au- 
thors propose a new X - Y  address MOS type device to im- 
prove random noise characteristics. This device differs 
from the conventional MOS sensor in that is has an am- 
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plifier and a correlated double sampling (CDS) circuit [9] 
for each vertical signal line. This device is called 
- Line-Amplified-MOS Imaging Device (LAM). Section I1 
describes the circuit configuration and operation. After the 
analysis of random noise and design considerations, the 
new structure’s effect on random noise is discussed in 
Section 111. Methods for suppression of smear, which pre- 
vent pixel size reduction, are presented in Section IV. In 
Section V, the fixed pattern noise introduced by the LAM 
device is discussed in terms of its origin and suppression 
method. Finally, the results of the analysis are summa- 
rized in Section VI. The analyzed values are for a 1 /2-in, 
500 x 485 image sensor built on 1.5-pm CMOS process. 

11. CONFIGURATION A N D  OPERATION 
A schematic diagram of LAM is given in Fih. 1. Sim- 

ilarly to a conventional MOS device [7], the photodiode 
is addressed by a vertical scanner, which scans the verti- 
cal switch, and a horizontal scanner, which scans the hor- 
izontal switch. In addition, LAM has a line amplifier and 
a CDS circuit [9] at each vertical signal line and off-chip 
smear differential gear [lo]. 

The circuit diagram of the signal readout path and clock 
timing is shown in Fig. 2. LAM operates in the following 
sequence: 

1) t = tl-t4: In the first increment of horizontal blank- 
ing time, smear reads out to memory capacitance CMl . 

t = t l :  Switch SI is on to reset the vertical signal- 
line capacitance Cv. 

t = t ,: Switch SI is off to activate the line amplifier. 
At the same time, KTC noise generates on the vertical 
signal-line capacitance Cv. 

t = t3: Switch S, is off to activate the source-fol- 
lower. Smear without KTC noise is transferred to memory 
capacitance CMl through coupling capacitance C,  (clamp). 

t = t4: Switch S? is off and smear has been held on 
the memory capacitance CMl (sample-and-hold) . 

2) t = t5-t9: The second increment of horizontal blank- 
ing time is similar to the first increment, except that the 
signal with smear is now read out to memory capacitance 
CM2. In this case, the vertical switch SpD is on at time t 7 .  

3) During the horizontal scanning period, switches SRI 
and SHl are sequentially enabled together to read out smear 
from memory capacitance CMl through the output source- 
follower. Then, after one horizontal clock delay, the sig- 
nal with smear is read out in the same way by enabling 
SR, and SH2. 

4) After the smear charge is delayed one horizontal 
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Fig. 1. Schematic diagram of  the line-amplified MOS imaging device. 
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Fig. 2. Basic operation of LAM. (a) Circuit diagram ofsignal readout path 
(h) Clock timing and voltage of  each node. 

clock, the smear-only charge and the signal with smear 
charge are differentiated to obtain just the signal charge. 

LAM'S configuration and operation offers many advan- 
tages including: 

1) a photosite of a high aperture ratio (more than 70%); 
a pixel consisting of one photodiode and one switch; 

2) low random noise; the line amplifier leads to 1/5 
input capacitance and 1/6 noise band compared to 
a conventional MOS device [7], [8]: the CDS cir- 
cuit cancels the KTC noise; 

3) low smear; smear merges into the signal in only one 
sampling period T,, which is 1/60 as short as the 
conventional value [7]; an off-chip smear differen- 
tial gear separates smear from the signal. 

The configuration of each amplifier is shown in Fig. 3.  
The line amplifier consists of a cascoded CMOS inverting 
amplifier [ 141 due to high voltage gain. The PMOS driver 
of the source-follower is formed in a separate well which 
is connected to the output. As a result, the circuit is free 
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Fig. 3.  Amplifiers. The channel width ( W )  and length (L) is indicated in  
micrometers for each device ( W / L ) .  Vs2. Vs,, V,,, are bias voltages. (a) 
Line amplifier. (b) Source-follower. (c) Buffer amplifier. (d) Output source- 
follower. 

from body effect and its voltage gain is unity. The buffer 
amplifier consists of a CMOS inverter with an NMOS 
driver. The output source-follower has the same circuit 
configuration as the source-follower. 

111. RANDOM NOISE 
In this section, random noise is analyzed. Based on the 

results, design methods to reduce random noise are con- 
sidered. Finally, noise values are presented. 

A .  neoretical Analysis 
LAM has the following two noise origins: one is from 

a MOS transistor in each amplifier and the other comes 
from each switch when the switch is off. The noise volt- 
ages referred to the input of each line amplifier VR, can 
be expressed as 

vRNA = So 2 
f n n  jzl 1 1 ~  cos 2r.fTA(Il - I , )  d~ 

(1) 

In ( I ) ,  5'' is the noise power spectrum density of the MOS 
transistor referred to the input of the transistor [ 1 13, [ 121. 
FA is the reference coefficient from the input of the tran- 
sistor to the input of the amplifier [ 1 I]. F, is the reference 
coefficient from the input of the amplifier to the input of 
the line amplifier. TA is the sampling period of the ampli- 
fier output, and n is the sampling number of the amplifier 
output in one readout sequence. 1, is the arithmetic sign 
in the signal of the sampled output of the amplifier (+ or 
-) andf ,  is the noise bandwidth when the output of the 
amplifier is sampled. 

Otherwise, the noise voltage referred to the input of the 
line amplifier of each switch VNRs can be given as 

( 2 )  'VNR, = F R  nR KT/ CR. 
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TABLE 1 
RANDOM NOISE SUPPRESSION METHODS 

97 I 

- r sz OFF 

Noise form MOS Transistor in Each Amplifier 

Suppression Reference 
Source Method Coefficient F, 

Line amplifier - 

Source-follower line amplifier 
Buffer amplifier line amplifier 
Output source- line amplifier 

follower 

1 
I / G :  
I / G i  
I / G i  r 

Noise from Each Switch 

Suppression Reference 
Source Method Coefficient FR 

CDS circuit exp (k45&FT$) 
line amplifier I /GS 

I / G f  line amplifier 

line amplifier 
differential 

I / G i  exp (-D/ IO) 

I /GF 

FREQUENCY ( Hz ) 

(b) 

Fig. 4. Random noise band for line amplifier output, (a) when switch S2  
is off (clamp), (b)  when switch S, is off (sample and hold). R,:. R,, are, 
respectively, the on-resistance of switches S3. S3.  C,- is coupling capaci- 
tance and C ,  is memory capacitance. 

GF Gain of line amplifier 
T, Sampling period. 
fC.+ Cutoff frequency for line amplifier 
D Differential factor. 
( ) Reset capacitance 

In (2), CR is the value of the capacitance which is reset 
by the switch, K is Bolzmann's constant, and Tis absolute 
temperature. FR is the reference coefficient from the input 
of reset capacitance to the input of the line amplifier, and 
nR is the switching number of the switch in one readout 
sequence. 

Since signal is expressed as charge in an imaging de- 
vice, noise should also be expressed in charge or current. 
Thus noise voltage VN is converted to noise current IN by 

In (3), Cv is the capacitance value at the input of the line 
amplifier, fH is the driving frequency of the horizontal 
scanner, and fe is signal bandwidth at the device output. 

B. Design Consideration 
The reference coefficients F,, FR, which are given in 

Table I, express the response of the total circuit to each 
noise source. The voltage gain of the souce-follower and 
buffer are assumed to be 1. Since the line amplifier has a 
high voltage gain GF (45 in design), noises other than from 
the line amplifier and switch SI can be negligibly small. 
Moreover, the CDS circuit reduces the reset noise of 
switch SI by choosing a cutoff frequency fcF just wide 
enough for the line amplifier. Accordingly, the main 
source of LAM is the line amplifier. 

Ordinary noise voltage decreases as noise band de- 
creases [13]. Thus the noise bandwidth fc of the line am- 
plifier is limited, as shown in Fig. 4. When switch S2 is 
off, the noise below the cutoff frequency 1 /27rRS2 Cc of 
the high-pass filter, which consists of the coupling capac- 

itances Cc and the on-resistance of switch S2,  is clamped 
and merged into one signal. When switch S3 or S4 is off, 
the noise below the cutoff frequency 1/2xRs3CM of the 
low-pass filter, which consists of the memory capacitance 
C ,  and the on-resistance of switch S3 or S,, is sampled 
and held and then merged into one signal. Since readout 
to memory capacitance C, is done in the horizontal blank- 
ing period of about 10 ps, each sampling interval can be 
selected at 1 ps. According to the Nyquist criterion, these 
cutoff frequencies are designed to be 500 kHz. Moreover, 
switch S, and S4 contain a complementery MOS transistor 
to prevent variation of on-resistance associated with sig- 
nal level variation. 

The reference coefficient FA of each transistor of the 
line amplifier is, respectively, given by 

1, for the driver ( 4 4  

( g m L / g r , d 2 .  for the load (4b) 

0, for the cascode. (4c) 

Here, g,, is the transconductance of the driver and g,, is 
the transconductance of the load. The transconductance 
of the load can be made much lower than the driver's 
without strongly affecting circuit performance. So, the 
driver is the primary noise source. 

A MOS transistor has two noise origins: thermal noise 
and 1 l fnoise .  Noise power spectrum density S, [ 111, [ 121 
is proportional, respectively, to one over the square root 
of the ratio of channel width to channel length (current I 
constant) and to one over the channel area. Accordingly, 
its noise voltage can be reduced by using the minimum 
channel length and a wide channel width. In the case of 
the driver, however, the total input capacitance of the line 
amplifier, including the gate capacitance of the driver, in- 
creases as the channel width increases. So, signal voltage 
is also reduced and a minimum random noise current is 
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Fig. 5 .  Driver channel width dependence of random noise current in line 
amp1 ifier. 

reached. The dependence of the noise current on the driver 
channel width is shown in Fig. 5. The noise current that 
is generated by 1 /f noise has a minimum value at the 
point where the gate capacitance of the driver CG WD(LD 
+ 2 4 )  is equal to the vertical signal line capacitance Cvo. 
W, is the channel width of the driver; Lo is the effective 
channel length of the driver; CG is the unit gate capaci- 
tance; and xj is the depth of the diffused layer. The noise 
current that is generated by thermal noise reaches a min- 
imum value at a channel width of 1 /3. 

Finally, the transistor type is considered. The minimum 
current of the driver is calculated for the NMOS driver 
and PMOS driver, as shown in Fig. 6. Here, p is the mo- 
bility, nTE is the effective trap density of l /f noise, and 
y is the inclination of 1 /f noise power spectrum [ 121, 
which is obtained from experiment. Thermal noise is 
higher in the PMOS driver than in the NMOS driver due 
to the lower mobility: However, 1 /f noise, though, is 
lower in PMOS driver due to the higher inclination of 1 /f 
noise power spectrum. Since total noise at a sampling pe- 
riod of l ps is lower in the PMOS driver, it is selected 
and the gate capacitance was designed to be 1 / 3  of the 
vertical signal capacitance to minimize thermal noise. 

C. Random Noise Value 
The calculated random noise value for each noise source 

is shown in Table 11. The total noise of the LAM is 120 
PA, which is about four times as large as the interline 
CCD's (30 PA) [6 ] .  However, the aperture of LAM (71 %) 
is about three times as large as that of the interline-CCD 
(24%) [6 ] .  Therefore, the signal-to-noise ratio in LAM is 
about the same as in the interline CCD. 

IV. SMEAR 
When pixel size is scaled down, smear increases, due 

to a reduction of the isolation length. Thus suppression of 
smear is an important problem in solid-state imaging de- 
vices. In this section, methods for smear reduction are 
presented. A technique for widening the dynamic range, 
which enhances smear reduction, is also explained. 

5 t  

fcF 1112Ts 

Cvo 11.6 pF 

Cor, 11.12 fF /p m2 
L0+25 -1.5pm 

x ,  I 0.2 p m 

5 10 50 100 1 
SAMPLING PERIOD Ts (p SBC ) 

(b) 
Fig. 6. Comparison of minimum random noise current for p-channel driver 
and n-channel driver in line amplifier. (a) Thermal noise. (b) I / f noise. 
Noise band for line amplifierf,., is assumed to be 1 /2Ts. 

TABLE 11 
RANDOM NOISE CURRENT 

Source Thermal I / f  

Line amplifier driver 59 30 
cascode 0 0 
load 

load 

Buffer amplifier driver 
load 

Output source- driver 
follow er load 

Subtotal 

Source-follower driver 

37 61 

6.7 3.3  
4.9 4.2 

7.6 13 
6.9 0.9 

4 .7  4.1 
4.9 4.1 

71 70 

43 

35 

35 

7. I 

15 

67 

120 

Units: picoamperes. 

A.  Methods for Smear Reduction 
Smear in a MOS device is caused by the photo-gener- 

ated carriers diffusing into the vertical signal line during 

the horizontal scanning period. In LAM, pixels are con- 
structed on a p-type substrate to avoid voltage modulation 
[15] caused by parallel operation of the line amplifiers. 
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