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Abstract—Static leakage currents in advanced CMOS processes
have become the main source of power consumption in many of
today’s systems. This is especially true for systems with a large
number of devices that are in a stable state for most of their
operation time, such as image sensors and memory arrays. This
paper introduces an improved adaptive bulk biasing control
(���

�) scheme for reduction of leakage currents during these
“standby” periods in serially accessed arrays, while enabling
device acceleration during active cycles. We provide a theoretical
analysis of the ���

� operation, showing its advantages and
limitations. The proposed scheme has been integrated with a
test-case advanced wide dynamic range (WDR) image sensor with
an on-chip memory. The scheme was applied to both the pixel
and bitcell arrays, providing configurable leakage reduction and
performance enhancement. An 80 nm test chip was fabricated
with a 10 k pixel/bitcell test-case system and successfully tested,
showing a 21% power reduction compared to a standard system
and up to 44% compared to an accelerated system.

Index Terms—Advanced bulk biasing control, advanced image
sensors, forward body biasing, leakage reduction, low power image
sensors, low power SRAM, reverse body biasing.

I. INTRODUCTION

T HE introduction of the imager based on the active pixel
sensor (APS) paved the way for the development of

advanced image sensors [1]. These systems-on-a-chip (SOC),
fabricated in standard CMOS processes, integrate several com-
ponents into the sensor pixel and periphery, enabling complex
functionality, as opposed to traditional CCD sensor arrays,
generally used for imaging alone. Advanced image sensors
can perform various functions, such as image processing [2],
target tracking [3], [4], and dynamic range expansion [5] with
embedded devices and components, providing advantages in
cost, speed, and power. One of the most attractive character-
istics of the CMOS Imager in general, and specifically, the
“smart” Image Sensor, is its power saving capability. Low
power systems and components are becoming more attractive,
as the market for portable, battery operated devices continues
to increase, many of which incorporate image sensors. Broad
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research has been commenced in recent years to develop power
reduction techniques and methodologies for advanced image
sensors [6]–[9]. As with digital logic and other VLSI arrays,
such as embedded memories, image sensors present more and
more substantial leakage currents with technology scaling.
While many leakage components can be identified in advanced
sub-micron technologies, the subthreshold current is still the
most significant leakage component.

A variety of techniques have been proposed for subthreshold
leakage reduction in VLSI circuits. These include aggressive
supply voltage reduction [10], adaptive voltage scaling [11],
“stacking” cutoff transistors [12], utilization of high threshold
voltage (HVT) devices, and application of negative voltages to
the wells or substrate. The latter technique can be applied to
dynamically raise the threshold voltage ( ) by applying a re-
verse body bias (RBB) or lower it by applying a forward body
bias (FBB). Varying the threshold voltage can enable leakage
reduction during idle periods on the one hand, and acceleration
of the device speed during operational cycles. It can also be used
to control device parameters in lieu of process variations. This
technique has been incorporated in many systems, applications,
and studies, such as those described in [13]–[24].

The employment of body biasing for leakage reduction in
image sensors is the basis for the advance bulk biasing control
( ) technique, originally proposed by Fish et al. [25]. Ac-
cording to this technique, an RBB is dynamically applied using a
network of resistors to an entire row of pixels during integration
periods, when the row is not accessed. Due to the large bulk ca-
pacitances, dynamic charging and discharging has several side
effects, such as additional power consumption, bulk charging
delay, and noise or interference. The scheme deals with
these problems by applying the voltages gradually, as will be
described in Section II.

The scheme was originally intended for integration
with image sensors operating in the rolling shutter operation
mode. In this paper, we show that it can also be applied to a se-
rially accessed memory array, and as a test case, we integrated it
into a wide dynamic range (WDR) advanced image sensor em-
ploying an on-chip SRAM. In addition, we propose a modified

method with improved functionality, performance, ro-
bustness, and flexibility over the original. The system, including
the improved circuit, was successfully fabricated in an 80
nm CMOS process. Measurement results from a test chip show
that the proposed method provides a 21% reduction in static
power dissipation at 1.1 V without any degradation in image
quality or SRAM performance. Moreover, utilization of FBB
for the active rows of the imager and SRAM arrays along with
RBB for the non-accessed rows enables improvement of the per-
formance of the discussed WDR imager.

1530-437X/$26.00 © 2011 IEEE
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The paper is constructed as follows: Section II describes the
concept of leakage reduction and performance enhancement
through body biasing. The improved scheme and power
analysis are presented in Section III. Section IV presents the
system architecture of the test case WDR imager employing the
improved scheme. Test chip measurements and system
performance are shown in Section V. Section VI concludes the
paper.

II. EFFECTS OF BODY BIASING

A. Power Consumption

The power consumption of a standard CMOS circuit is given
by the well-known equation:

(1)

where is the power consumed during transient
switching activities and is the constant power consumed
due to biasing and/or leakage currents. For a CMOS imager’s
pixel array, this can be expanded to (2) [6]:

(2)

where is the imager’s frame rate; and are the number
of rows and columns, respectively; is the energy required
for pixel reset; is the energy dissipated due to signal
readout during a single frame; is the energy dis-
sipated by in-pixel analog and/or digital processing during a
single frame; is the supply voltage; and is the
in-pixel leakage current. Similarly, the power dissipation of an
SRAM array is given by [26]

(3)

where is the current driving an active bitcell (read or
write current) and is a bitcell’s leakage current.

As technology scales and channel lengths decrease, the
leakage currents in the above equations tend to increase, such
that in modern processes, often the leakage power component
is as large as or even larger than the dynamic power compo-
nent. This current consists of many factors [27], but is largely
dominated by the subthreshold current of cutoff transistors,
given by (4) [28]:

(4)
where is the transistor’s transconductance coefficient; is
transistor’s gate-to-source voltage; is transistor’s drain-to-
source voltage; is threshold voltage; is thermal
voltage; is the DIBL coefficient; and is the subthreshold
slope coefficient of the transistor.

Equation (4) shows that the subthreshold current is exponen-
tially dependent on the transistor’s threshold voltage. Accord-
ingly, raising the threshold voltage is an efficient way of re-
ducing the leakage power. This can be achieved through doping
during fabrication, but many applications cannot tolerate the

Fig. 1. Body biasing impact on threshold voltage at various process nodes. The
figure is plotted for minimum sized nMOS devices and shows the percentage of
change in threshold voltage for commercially available 0.18 ��, 80 nm, and 40
nm CMOS processes.

loss of performance that accompanies it. An alternative way is to
dynamically change the threshold voltage through body biasing.

B. Body Biasing

The threshold voltage of a transistor can be calculated ac-
cording to the well-known equation [29]:

(5)

where is the zero biasing threshold voltage, set during fab-
rication; is the body-to-source voltage; is the body-ef-
fect coefficient; and is the Fermi potential. Accordingly, the
threshold can be changed by creating a potential between the
source and body terminals of the transistor. This happens in-
herently in many circuit topologies, and is commonly known
as the body effect; however, it is generally a parasitic phenom-
enon. Using a standard triple-well fabrication process, can
be controlled dynamically, enabling leakage reduction (RBB) or
performance enhancement (FBB).

The body biasing technique was a popular method for leakage
reduction in digital circuits for several process nodes up until
65 nm. As technology scales, the effectiveness of the technique
degrades, due to several factors, such as the higher influence
of drain induced barrier lowering (DIBL) and other parame-
ters on subthreshold leakage [23] and the increase of band-to-
band Ttnneling current (BTBT) as a result of applying RBB
[30]. However, this technique is still quite attractive for both
improving variation sensitivity as well as performance enhance-
ment in advanced processes [21], [24]. In addition, image sen-
sors are sensitive to technology scaling and so are frequently
fabricated in larger node technologies [31], [32]. Therefore, uti-
lization of body biasing for leakage reduction is still an attractive
technique for advanced image sensors. Fig. 1 shows the effect
of body biasing on the threshold voltage of a minimum sized
transistor at various commercial process nodes. It is clear from
this figure that the impact of RBB on threshold voltage degrades
as technology advances.

As mentioned above, body biasing can be used for perfor-
mance enhancement by lowering the threshold voltage to in-
crease a device’s ON current. This is done through application
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Fig. 2. Body biasing effectiveness for performance enhancement at different
process nodes. The figure is plotted for minimum sized devices with � �

� � � .

of a forward body bias, and has the positive side-effect of re-
ducing the standard deviation of the threshold voltage distribu-
tion [22], [23]. This has led to increased popularity of FBB ap-
plication in modern processes, especially for high performance
circuits with sensitivity to process variations. Fig. 2 shows the
effect of forward body biasing on the saturation current (with

) of a minimum sized nMOS transistor at
various (low power) process nodes. The figure shows the drain
current increase, as compared to a zero-biased equivalent tran-
sistor. For the 0.18 and 80 nm processes, an increase of ap-
proximately 10% can be achieved, whereas at the 40 nm node,
this figure is closer to 30%. It should be noted that the for-
ward biasing voltage is limited by the source-to-body diode of
the transistor that turns on, drawing a body-to-source current
as the FBB voltage approaches 700 mV. The plotted current is
the transistor’s drain current, excluding this parasitic body cur-
rent from the calculation; however, it should be added for power
considerations.

C. Application of Body Biasing

In the previous subsection, it was shown that dynamic control
of body biasing can be manipulated to reduce leakage on the one
hand (RBB), and enhance performance and reduce sensitivity to
process variations on the other (FBB). In addition, this technique
has been used for other purposes, such as adapting circuits for
performance under process variations [33]. However, in the pre-
vious discussion, application of such a bias was given without
consideration of trade-offs, such as power requirements, delay,
coupling noise, and area.

From an area perspective, body biasing comes at a high price;
a separate well is required for each transistor or island with a dif-
ferent body potential. This generally makes the implementation
of interesting techniques, such as DTCMOS [34], non-practical
in most cases, as the size requirements for each transistor are
very large. Consequentially, the application of a body bias can
usually only be considered when it is applied to a specific cir-
cuit with a limited number of devices, or to an entire block of
devices with a common well potential. In the case of a pixel
or bitcell array with thousands or millions of devices, only the
latter can be considered, suggesting application of a common

Fig. 3. Step charging the bulk of a pixel/bitcell row. (a) RC modeling of a step
charge operation. (b) Possible disturbances that can be caused to a pixel or bitcell
during readout.

bias to an entire row, column, or complete array. In fact, the
area penalty for biasing an entire row is very small and only re-
quires the propagation of the bias signal and some additional
well contacts.

For arrays, such as those found in image sensors or random
access memories, a row-wise addressing is commonly used for
cell access. Accordingly, the application of an RBB on inactive
rows would seem an attractive solution for leakage reduction,
and an FBB on the active row could be utilized for performance
enhancement. The pixel/bitcell rows would be laid out with well
sharing between rows, such that the n-wells and p-wells of all
cells in a certain row would be common. These wells could
be modeled as a lumped RC network with a large capacitance.
Charging the active row’s capacitance to FBB (from its previous
RBB potential) could be modeled as a simple step charging pro-
cedure, as shown in Fig. 3(a).

Given the total capacitance of the bulk of a row, , and
the potential difference between RBB and FBB, the energy con-
sumed during each operation (e.g., forward biasing the active
row and reverse biasing the previous active row) would simply
be

(6)

where is the potential difference between the forward
and reverse body biases [i.e., in
Fig. 3(a)]. In a serially accessed array, where a different row
is asserted every operation, the power described by (6) would
be consumed every clock cycle. In addition to this, large drivers
would be required to apply the step charge, trading off additional
power with the delay of the assertion.

As mentioned above, the well of an array’s row is a large
capacitance and due to its proximity to other conductive sur-
faces, substantial coupling capacitances can result. This is es-
pecially relevant when signals are routed horizontally over the
array, such as the word lines of a memory or the reset and select
lines of an imager. Therefore, the assertion of an abrupt transi-
tion to the well bias can result in coupling noise or interference
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that could result in many unexpected phenomena, such as those
illustrated in Fig. 3(b). The coupling to a select line could cause
an overshoot, resulting in an unintentional reset. The coupling
to the internal nodes of a memory cell could cause a temporary
degradation of noise margins, especially during sensitive oper-
ations such as bitcell readout. The capacitive coupling between
wells and to local supply rails could cause unintended biasing
fluctuations and even result in latch-up. Finally, the spectral dis-
tribution of a step charge could cause unwanted noise in analog
signals.

The consequence of these phenomena that are hard to fully
predict and prevent is that dynamically step charging large wells
is rare and even avoided. A slow transition upon the wells could
be applied; however, this would result in a generally unaccept-
able delay penalty. Therefore, alternative methods for gradually
charging the wells need to be considered, such as the
scheme, described hereafter.

III. BODY BIASING WITH SCHEME

A. Gradual Bulk Biasing

When taking into consideration a large number of equally
sized capacitors that require charging, an alternative approach
to the traditional step charging discussed above could be used.
Let us consider the circuit shown in Fig. 4(a), with capac-
itors (each representing the bulk capacitance of a single row)
connected in parallel with approximately equal resistances be-
tween them. By applying a potential, , to one of the middle
capacitors, a constant voltage drop will be symmetrically ap-
plied to the remaining capacitors, as they progress towards the
opposite voltage supply. This setup can be further extended by
connecting the two end nodes and grounding them, as shown in
Fig. 4(b). Doing this creates a ring of RC circuits symmetrically
biased around the virtual line connecting the biased node with
the grounded one. Now, the biasing point can easily be moved to
a different bulk without upsetting the symmetry, by changing the
connection node of both the bias voltage and the ground supply.
This is analogous to changing the bias point of the active row,
as will be shown below.

Application of such a scheme results in a gradual voltage drop
between the two biasing points. A transition to an adjacent row
causes a slight voltage change of at each node. This small
change has a very small disturbance effect as compared to the
full step charge, especially since the change is gradual at the
non-directly biased nodes. Therefore, a forward biased node can
be set at one end of the circuit and a reverse bias can be set at the
opposite end, without the need for large drivers or the danger of
applying a large abrupt voltage step.

With the setup shown in Fig. 4(b), the power consumed
during a bias point transition can be easily calculated. Choosing
two nodes on opposite sides of the symmetry line, with a
voltage drop between them (i.e., node 1 is biased at
and node 2 is biased at ), the energy accumulated on
the two capacitances is simply

(7)

Fig. 4. RC modeling of gradual step charging setup. (a) Application of bias
voltage to the middle row of resistive connected parallel bulk capacitances. (b)
Extension of the bulk biasing setup to a symmetric ring.

Now the bias point is moved towards the lower voltage (node
2). The final voltage (after the transition) will be for both
nodes, resulting in an energy figure of

(8)

Therefore, the energy dissipated by such a transition is

(9)
An example transition is illustrated in Fig. 4(b), by moving

the two bias points clockwise according to the dotted “transi-
tion” arrows. Two arbitrary nodes with a voltage drop be-
tween them were chosen and marked as node 1 and node 2 ac-
cording to the definitions above. The voltage at node 1 changes
from to , and the voltage at node 2 changes from
to . A closer look at the entire ring circuit reveals that there
are exactly pairs of capacitors that make such a transition (ne-
glecting the two end capacitors). Substituting for its calcu-
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lated value of , we find that the power dissipated by the
entire network during a single transition is

(10)

Considering a large (large number of rows), the energy
consumed during such an operation is much lower than that of
a step charge, as calculated in (6). This circuit can also be re-
alized in a relatively low cost and simple way, as described in
Section III. The result is a gradual voltage drop on the bulk ca-
pacitances between the two bias points, providing FBB and/or
RBB, on the active/inactive rows, as required for circuit opera-
tion.

The circuit described above comes with a small static power
penalty, due to the static current running between the two sup-
plies ( and ground):

(11)
with representing the resistance of the resistors that sepa-
rate the bulk capacitances. Assuming a large , and keeping
large, the resulting power can be small compared to the power
saved by the application of RBB.

B. Improved Scheme

The theoretical basis presented in the previous sections shows
that by integration of an scheme with a given circuit, a
substantial reduction in leakage and/or a performance enhance-
ment can be achieved. Equations (10) and (11) show that as long
as the number of rows (capacitors) and the resistance between
the capacitors remain large, the dynamic and static power con-
sumed by the circuitry is quite low. Accordingly, it can be
concluded that the concept can be efficiently integrated
with large components comprising many leaking devices, such
that the leakage reduction will be higher than the power required
to operate the additional circuitry. In addition, this concept can
only be applied to a component that operates in a serial access
scheme, such that the order of access is preset.

As shown by Fish et al. [25], a CMOS image sensor is a per-
fect candidate for integration of an circuit. The improved

circuit, presented hereafter, provides three major advan-
tages over the original circuit. First, the resistor network is now
connected in a ring structure, providing improved performance,
especially at the ends of the arrays, where the original circuit lost
correct biasing structure. Second, the resistors are replaced with
constant biased nMOS transistors. This creates adaptable, high
resistance, small area resistors, and enables further flexibility,
as will be shown herein. Third, the improved concept is
suitable for utilization in SRAM arrays. In this paper we show
an example of its application to a serially accessed SRAM array
that is operated in cohesion with a pixel array, as part of a wide
dynamic range advanced image sensor.

The schematic for the improved circuit is shown in
Fig. 5. The circuit is made up of sub-circuits comprising 3
nMOS transistors each, as follows. During the operation, only
one transistor is connected as a pass gate to the forward biasing
voltage ( ) and another is connected to the reverse biasing
voltage ( ). The gates of these transistors are controlled by

Fig. 5. Schematic of improved �� � circuit.

digital outputs from an adjacent shift-register, marked here as
and , respectively. The third device is the resistive

device, connected between the bulk voltages of two adjacent
sub-circuits (marked and ) and biased by a gate
voltage, . Each sub-circuit is implemented in a separate
p-well that is shared with the adjacent, pitch-fitted row, such that
all transistors are body biased (at voltage ) along with the
array’s rows.

The circuit of Fig. 5 is controlled by a pair of shift
registers, connected to the and signals, used to set
the active row and the opposite row. The standard setting would
be to load these registers with a single “1” at a distance of
rows between the two shift registers. This applies the
potential at the active row (where the FBB shift register’s “1”
is set) and the potential at the opposite side of the array.
The pair of shift registers can be replaced by a single one, with
each output hard-wired to and (e.g., for 1024
rows, would be connected to , and and

would be connected to and ). This
would save the area and power required by the additional shift
register; however, the pair of shift registers provides additional
flexibility for “window definition”, as will be explained later.

The gate voltage of the resistive devices ( ) provides
an additional level of flexibility for circuit operation. Changing
the gate voltage changes the resistance of the devices. This en-
ables setting a post-production trade-off between power con-
sumption and performance, as a higher resistance (lower biasing
voltage) results in a lower static current, at the cost of a longer
transient. These resistors are nonlinear, such that the biasing
voltage changes the shape of the bulk potential map, as shown
in Section IV. This additional level of flexibility provides an ef-
ficient mechanism for dealing with process variations, as the bi-
asing voltage can be tuned according to performance and power
consumption.

A simulated bulk potential map of a 600 row circuit
is shown in Fig. 6. In this example, is the active row
with and . The result is a
gradual potential drop around the active row, with a “window”
of reversed biased rows around the opposite row ( ).
Modifying changes the shape of this map, creating
a more gradual or a more abrupt voltage drop, achieving a
higher leakage reduction or a lower transient noise figure. As
mentioned above, this voltage map can be further modified, if
two shift registers are used to control the biasing scheme. In this
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Fig. 6. Simulated bulk potential map for a 600 row �� � circuit.

case, a limited active window can be produced by applying two
RBB signals, symmetrically placed around the FBB signal. This
causes the voltage drop to occur around a smaller number of
rows with all the additional rows (outside the window) biased
at the maximum RBB, providing better leakage reduction.

IV. APPLICATION EXAMPLE

The circuitry shown in the previous section is a gen-
eral topology that can be integrated with various components
for power reduction and/or performance enhancement. In the
scope of this work, we integrated the circuit with a wide
dynamic range advanced image sensor, proposed by Belenky et
al. [35]. This image sensor uses both an in-pixel memory bit
and an on-chip SRAM array to store the number of resets ap-
plied to each pixel during a single frame. To achieve this, the
sensor requires associative memory bits for each pixel. Coupled
with the serial access scheme of the image sensor, when oper-
ated in a rolling shutter mode, this system is a perfect candidate
for leakage reduction by employment of the improved
circuit, on both the image sensor and memory array.

A. Pixel and SRAM Bitcell

The schematics of the WDR pixel and SRAM bitcell are given
in Fig. 7(a) and (b), respectively. The memory cell is a standard
6T SRAM bitcell with minimum sized pMOS and access tran-
sistors (M1, M3, M5, and M6) and slightly larger pull-down
nMOS (M2 and M4). The same sizes are used for the 1-bit
in-pixel memory implemented in the WDR pixel. The WDR
Pixel consists of a photodiode connected to a memory driven
reset scheme. The photodiode voltage is reset only when the
in-pixel memory has been set to “1”, according to the dynamic
range extension scheme. For additional information about the
operating principle of the WDR image sensor and its compo-
nents, see [35].

In both figures, the connects to the circuit at the
node, creating a body bias for all relevant transistors. During in-
tegration periods, transistors M2, M4, M5, N1, N2, N3, and N4
of the pixel [Fig. 7(a)] all receive the RBB voltage, cutting off
leakage paths. When the certain pixel row is selected, the bulk is

Fig. 7. (a) Schematic of WDR pixel. (b) Schematic of on-chip SRAM bitcell.

already forward biased. Forward biasing of the selected row re-
duces the threshold voltages of transistors N1-N4 (5) improving
the shutter efficiency and increasing the swing of the signal.

For the SRAM bitcell in Fig. 7(b), the leakage paths to ground
through M2 an M4 are reduced during hold cycles, as well as bit-
line leakage through M5 and M6, providing further static power
reduction and improving noise margins. A comparison of the
various techniques discussed is given in Table I. The table shows
the change in percentage of several metrics when each technique
is applied as compared to a zero-biased system.

An interesting discussion can also be introduced, regarding
the stability of the SRAM bitcell under body biasing. On the
one hand, application of a reverse body bias increases the vari-
ability of the bitcell parameters [30], but it has been shown that
this reduces read and hold failures due to the rise in threshold
voltage [19], [20]. In contrast, FBB decreases the variability
and the threshold voltage [22], reducing write and access fail-
ures. Therefore, application of FBB during cell access and RBB
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TABLE I
COMPARISON OF VARIOUS METHODS TO A NON-BIASED BULK

Fig. 8. Layout methodology of pixel array. A deep N-well was implanted un-
derneath the entire array, and adjacent rows were flipped to share N-wells and
P-wells, sharing a mutual body bias as well.

during hold cycles provides a good overall tradeoff for stability.
Detailed discussions of SRAM stability under body biasing are
given by many researchers, such as [19], [20], and [30].

The layout of the arrays requires implementation of nMOS
devices inside isolated P-wells. This generally comes at the ex-
pense of a substantial increase in area due to the design rule
spacing constraints of differently potentiated wells. However,
by implementing interlaced horizontal N-wells and P-wells, this
overhead can be minimized or even negated. Depending on the
pitch of each well, additional gaps may be required to adhere
to the spacing constraints. These gaps can be filled with body
contacts for shielding; however, the more efficient solution is
to flip adjacent rows and share a single bulk potential between
them. In addition, use of an to p-well diode should be con-
sidered to minimize the need for separate deep n-wells that are
characterized by a large spacing requirement. In our implemen-
tation, a single deep n-well was implanted beneath the entire
array, and row biases from the circuitry were shared by
flipping adjacent rows. Considering the WDR pixel requires less
pMOS than nMOS devices, the pixels were fit together as shown
in Fig. 8 to minimize wasted space. The final pixel layout pro-
vided a 54% fill factor on a pixel sized 4.375 3.85 .

It should be noted that the analysis given in Section III as-
sumed that the wells were disconnected capacitors, where in
fact, the entire array could be better modeled as a distributed net-
work of RC elements. However, there is a reverse-biased diode
between every N-well and P-well, as shown in Fig. 8. This re-
sults in a very high resistance between the wells, essentially
disconnecting them, such that the original assumption was ap-
propriate. The capacitive coupling between adjacent P-wells is
shielded by the constantly biased N-well in between them; how-
ever, this coupling capacitance should be taken into considera-
tion, as well. In the case of the gradual biasing of the

Fig. 9. Architecture of the column-wise WDR image sensor with �� � cir-
cuits.

scheme, this coupling has hardly any impact on the adjacent
bulk, as the voltage drop between them is small and the tran-
sitions are gradual.

B. Access Scheme

As mentioned previously, each pixel in the array is desig-
nated a specific set of memory bits for storage of the number
of resets performed during the current cycle. Distribution of
the bitcells according to the physical location of their relevant
pixels ensures a serial row-by-row access scheme for the
memory array, rather than a general random access scheme.
Accordingly, the SRAM array’s row decoder can be replaced
with a shift register, and an circuit can be integrated into
the memory. In addition to the benefits of the scheme,
discussed in Section III, the shift register provides further
benefits over the standard row decoder, such as reduced area,
power consumption, and access time. Furthermore, the shift
register itself should be biased by the circuit, reducing
its static power consumption at virtually no additional cost.

Realizing that the access scheme of the image sensor and the
memory array are now identical and synchronized, an attrac-
tive option would be to line up the two arrays in a horizontal
configuration using a single row select shift register, providing
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additional savings in area and power. However, in this partic-
ular case, we chose to use a vertical peripheral sharing scheme
that enables parallel readout of an entire row into or from its
matching row in the other array. In this way, during integration,
the intermediate pixel level is read out to column-wise circuitry
and converted into a write command for the selected set of bit-
cells, and a complete row of bitcells is written at once. During
read out, the pixel value is read out and subsequently, the associ-
ated bitcells are read out to create the final readout value; again,
for the entire row in parallel. Two shift registers and cir-
cuits are required for this configuration, as shown in Fig. 9, but
this is highly advantageous over the row-wise setup with inde-
pendent pixel/bitcell access. It should be noted that depending
on the configuration of the WDR image sensor, more than one
bitcell may be required for reset storage. This should not affect
the column pitch fitting (or row pitch fitting if a horizontal con-
figuration was chosen), as the size of a bitcell is much smaller
than a pixel, allowing a number of bits to be laid out beneath a
single column. If this is still insufficient, multiple memory rows
can be activated in synch with a specific pixel row.

V. IMPLEMENTATION, PERFORMANCE, AND MEASUREMENTS

A. Test Chip and Measurement Setup

The proposed WDR advanced image sensor employing an
improved scheme was implemented and fabricated in an
80 nm low-power twin-well CMOS process. This test system
included a 100 100 (10 k) pixel array with a single SRAM
bitcell for each pixel. The arrays were laid out in a vertical con-
figuration with column-wise peripheral sharing, as described in
Section IV.

Post silicon testing was performed with a 1.1 V supply at
27 , employing a custom designed board (see Fig. 10) and
assuming sensor operation at 30 FPS. All control signals and
biases were generated externally using a Pulse Instruments
4000 Series Test System. Static and dynamic power consump-
tion were measured using the Agilent B1500a Semiconductor
Device Analyzer and compared with similar circuits without
body biasing. Various biasing voltages were tested to find the
optimal setup for minimum power dissipation of the complete
system. These included reverse bulk biasing up to , for-
ward bulk biasing up to 700 mV, and resistor biasing (biasing
voltages of bulk separation transistors) of 0 V to 1.1 V. Similar
tests were done at simulation level using Cadence Spectre for
an 800 600 (480 k) pixel sensor.

B. Static Performance

Fig. 11 shows the simulation results of the independent effect
of body biasing on the proposed pixel and bitcell, i.e., without
considering the power consumption of the peripheral circuitry
needed for implementation. Applying a 350 mV RBB achieves
a 25% leakage reduction for the bitcell and a 28% reduction
for the pixel. Alternatively, applying a 100 mV FBB for per-
formance enhancement comes at the expense of a 20% increase
in leakage power for the pixel and a 17% increase for the bit-
cell. Dynamic application of these biases can only be achieved
by introducing a step charging scheme, which was shown in

Fig. 10. Post silicon testing setup, using a custom designed board and mea-
suring power consumption with the Agilent B1500a semiconductor device ana-
lyzer. (a) Block diagram of test setup. (b) Photograph of test chip and evaluation
board (camera removed).

Section II to be unacceptable. Integration of the scheme
does not achieve the full potential reduction, as the non-active
rows are not fully reverse biased, but the gradual biasing makes
it an applicable alternative. Simulation results of the integra-
tion of the proposed scheme in an 800 600 pixel sensor
showed a 26% static power reduction, as we presented in [36].
For a smaller sensor, the power of the circuit is more sig-
nificant, resulting in a 21% static power reduction for the fabri-
cated 100 100 pixel sensor, as shown in Fig. 12. In this figure,
the increase/reduction in static power is shown as measured at
various values of (as defined in Fig. 5 with ) as
compared with not applying any bulk bias (i.e., zero-bias state).

For this setup, we would choose 280 mV as the optimal RBB
level, as it provides the minimal power consumption in this con-
figuration. A larger reverse bias results in higher static current in
the circuit than the power saved by the additional leakage
reduction.

To accelerate the performance of the system, a forward bias
could be applied; for example, the image sensor’s swing can be
increased by as much as 14%. However, forward bulk biasing
significantly increases the leakage currents of the off transistors.
In this case, the application of the scheme is much more
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Fig. 11. Effect of body biasing on leakage power of bitcell and pixel used in
WDR image sensor. Figure shows the simulated ratio of leakage power at var-
ious biasing voltages as compared to zero-biasing of the same circuit.

Fig. 12. Effect of body biasing on static power of column-wise WDR image
sensor with on-chip memory employing a pair of �� � circuits. Graph shows
the measured percentage of increase or decrease in leakage currents of the
system under various biases as compared to application of a forward bias (FBB)
without employing the �� � scheme. The minimum point of each graph
shows the tradeoff between leakage power reduction and�� � circuitry static
power consumption as a function of biasing voltage.

effective, showing a 44% static power reduction for a 200 mV
FBB. In this case, as shown in Fig. 12, the optimal would
be 240 mV. It should be noted that these optimal bias levels
are calculated for the chosen configuration and array size and
should be measured for any specific system. For example, for the
simulated 800 600 pixel sensor, the optimal bias was 350 mV.

Fig. 13 shows the efficiency of integrating an scheme
when applying a forward bulk bias. The figure compares the
power consumption of the test case application without the

scheme as compared to application of a forward bulk
bias when the scheme is integrated. A forward bias of
600 mV can be applied through the scheme without
resulting in any static power increase. This can lead to a

Fig. 13. Measured static power consumption with application of forward bulk
biasing as compared to the original system without the integration of an�� �

scheme.

Fig. 14. Effectiveness of�� � integration at various temperatures. The graph
shows the percentage of static power reduction with the integration of an�� �

scheme (with ��� � ���� 	
, ��� � �) as compared to the original
system (without �� � integration) according to simulation results.

substantial performance improvement while keeping specified
power limitations.

C. Process Variations

Leakage currents are highly affected by temperature, as
shown by (4). As such, integration of an scheme be-
comes more effective as the temperature rises. This is clearly
shown in Fig. 14. The figure shows the simulated leakage
reduction of the WDR imager with integration of the
as compared to the original imager at the same temperature.
The leakage reduction reaches as high as 42% at the maximum
simulated temperature (125 ).

The same conclusions can be reached when testing ef-
ficiency under process corners, as shown in Fig. 15. The scheme
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Fig. 15. Static power consumption under process variations. The Fast (FF,
��� �), Slow (SS, 125 �), and Nominal (TT, 27 �) corners are shown
under various RBB voltages of the �� � without a forward bias. Results are
according to simulation.

Fig. 16. Total power consumption of the system under various reverse bulk
biases (measured with ��� � � �).

has a strong effect at slow corners and less effect at fast corners.
Integrating the with the advanced image sensor system
enabled a static power reduction of 49% for the SS corner at
125 . Note that the FS and SF corners were not included, as
the was implemented solely on nMOS transistors and so
the results are similar to the FF and SS corners, respectively.

D. Dynamic Performance

One of the major advantages of the integration of the im-
proved circuit into a given system is that it comes at
a negligible dynamic performance/power penalty. As shown
above, the performance of a system can be enhanced by the ap-
plication of a forward bias, whereas the zero-bias state provides
identical performance to the original system as long as the bulk
of the active row has charged to the voltage. Due to the

Fig. 17. (a) Layout of the test case WDR image sensor with on-chip memory
employing �� � circuits as part of an 80 nm test chip. (b) Example image
from fabricated sensor.

gradual charging property, the voltage swing between cycles is
very small, resulting in a minimal charge time and negligible
performance loss. If a given system requires a faster charge
time, this can be achieved by upsizing the forward biasing
switches of Fig. 5.

The dynamic power consumed by the bulk charge has been
shown to be inversely proportional to the number of rows [(10)].
For the fabricated sensor, operating at 30 FPS, with a theoretical
8-bit WDR extension, the dynamic power of the scheme
is a number of orders of magnitude lower than the static power.
Fig. 16 shows the measured power consumption of the fabri-
cated sensor at different levels of with . As
expected, the optimal bias voltage was found to be

resulting in a 21% power reduction.
The layout of the fabricated sensor, as part of an 80 nm test

chip, is shown in Fig. 17(a), and an example image is given in
Fig. 17(b). The figures of merit for the test chip are given in
Table II. It should be noted that the fabricated test case featured
a small (100 100) sensor with a 1-bit WDR extension. For a
larger sensor with a larger bit extension, the power consumption
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TABLE II
TEST CHIP FIGURES OF MERIT

and area of the circuitry become much less significant,
resulting in improved efficiency.

VI. CONCLUSIONS

An improved scheme was presented, offering adapt-
able leakage reduction and/or performance enhancement when
integrated with existing serially accessed systems. A theoret-
ical analysis of the dynamic and static power consumption of
the circuitry was given. The improved circuit was
integrated with an advanced WDR image sensor, by applying
the scheme on both the pixel array and the on-chip SRAM. A
100 100 pixel imager was implemented and fabricated, and
measurements were presented. A 21% leakage reduction was
achieved for the fabricated sensor as compared to an equiva-
lent non-biased sensor with a negligible increase in dynamic
power or performance reduction. A 44% leakage reduction was
achieved for a performance enhanced system employing for-
ward body biasing.
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