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Low Power Decimator Design Using Bit-Serial
Architecture for Biomedical Applications
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Abstract—Due to limited battery capacity, electronics in
biomedical devices require low power consumption. On the
other hand, biomedical devices that integrate multiple
functions like sensing, amplification, signal conditioning, signal
processing, data storage, etc. have put a greater constraint on
power consumption for each functional unit. This paper
presents a low power design of a decimator for a sigma-delta
ADC for biomedical applications in a commercial 0.18um
CMOS process. Two features help make the design low power:
use of bit-serial architecture and use of an ultra-low supply
voltage of 0.9V in a 0.18 pum CMOS design. The design
interfaces with a sigma-delta modulator with a clock rate of
1IMHz.
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. INTRODUCTION

Bioelectronics has opened a new frontier for high quality,
high availability and low cost patient care. Commercially
available glucose testing devices are a good example of
improved testing and diagnosis made possible by advances in
biomedical devices and the associated bioelectronics. More
recent advances in bioelectronics focus on integration of a
variety of functions on a single biomedical device [1] [2].
This trend helps improve the overall functionality of
biomedical devices. However, it put a greater constraint on
power consumption of each functional circuit being
integrated on to the same chip.

One of the important functions of bioelectronics is to
convert the analog signals from various sensors to their
digital format. Using sigma-delta ADCs, such conversion
takes place in two steps. One is sigma-delta modulation [3]
and the other is decimation filtering [4]. This paper focuses
on the design of a decimation filter using some of the low
power design techniques. Architecturally, the design uses bit-
serial arithmetic circuits for lower complexity and lower
power consumption. At the circuit level, transistors are
optimized for the lower supply voltage of 0.9V for lower
power consumption. 0.9V is half of the standard rail supply
voltage for the 0.18um CMOS process. The resulting
decimator is 0.029mm?’ in size and consumes 225uW of
power while running at 1MHz clock rate.

Il.  BIT-SERIAL V. BIT-PARALLEL SYSTEMS

There are two options for the design of the decimation
filter: a bit-parallel or bit-serial design. Since bit-parallel
systems compute the data simultaneously, they are often

K. Scholfield is with the Department of Electrical and Computer
Engineering, Colorado State University, Fort Collins, CO 80523 USA (e-
mail: kristystong@ gmail.com).

T. Chen is with the Department of Electrical and Computer
Engineering, Colorado State University, Fort Collins, CO 80523 USA (e-
mail: chen@engr.colostate.edu).

used in systems requiring high speeds at the cost of chip
space and power [5]. However, for biomedical applications,
low power is greatly desirable, since the chip may be used in
applications where a small power source is used and
available power is limited. In addition, high speed is not
needed since the time scale for biomedical applications
usually ranges from milliseconds to seconds [6].

The most common architecture used for decimation
filters is the bit-parallel configuration. In this architecture, if
the word length is 10 bits, all 10 bits are processed in parallel
by 10 bit-slice units, plus any additional logic for dealing
with carry signals, etc. This means that the data can be
processed quickly, although wide buses are required for
routing.

Another, less complex architecture that can be used is the
bit-serial implementation. In this implementation, one bit of
the word is processed each clock cycle. This means that wide
buses are no longer needed. In addition, only one bit-slice
processing unit is needed for the entire word-length of data,
significantly reducing the overall hardware complexity.
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Figure 1. Comparison of bit-parallel adder to a bit-serial adder

Fig. 1 illustrates the difference between the bit-serial and
bit-parallel architectures in the form of an adder. For the bit-
serial architecture, each bit is fed through a single full-adder
slice one by one, using N clock cycles where N is the data
word length. For the bit-parallel architecture, all bits are
processed simultaneously, but each bit requires a separate
adder slice.

The bit-serial architecture does have some disadvantages,
however. The bit-serial configuration will be slower, since
only one bit gets processed at a time. In addition, large
registers may be needed, which can potentially increase the
amount of power consumed [7]. However, these large
registers will most likely take up less area than the overall
bit-parallel design, so an increase in power is unlikely.

I1l.  PREVIOUS WORK

The sigma-delta analog-to-digital converter (ADC)
consists of two parts, a modulator and decimator [8] [9]. The
modulator will take an incoming analog signal and convert it
into a digital bit stream whose average corresponds to the
input analog signal. The decimator will then take that bit
stream and convert it to a digital output of N bits, where N is
the required wordlength. Cascaded integrator comb (CIC)
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filters are often used for the decimator side of the ADC for
its simplicity. The basic first-order CIC structure includes
one integrator stage and one comb stage as shown in Fig. 2.
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Figure 2. Basic first order CIC structure

The integrator takes in the input sample and recursively
adds the delayed signal to the incoming signal at each clock
cycle. Subsequently, the comb stage subtracts the
differentially delayed output of the integrator from the
original output. The amount of differential delay, D, will
determine the amount of ripple seen at the output. In order to
choose the best D, one must observe the frequency response
of the filter at different values of D. The frequency response
has the shape of a sinc function as shown in Fig. 3. Different
values of D will make the first lobe of the sinc function
closer or farther away from the DC. The higher the value of
D, the better the low pass filter.
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Figure 3. The shape of the frequency response of the decimator, similar to
a sinc function

In order to improve anti-aliasing, the order of the CIC
filter can be increased. We use a third order CIC to improve
anti-aliasing and the sharpness of the cut-off frequency for
the CIC filter, while not making the filter prohibitively
expense to implement.

For many decimator applications, noise and speed, rather
than power, are the primary goals. Therefore bit-parallel
designs will often be implemented to improve speed. In
addition, since these designs were not targeted for low
power, they can operate at supply voltages of up to 5V [10].
[10] directly compares a bit-parallel to a bit-serial design for
a 5V supply. For the bit-parallel design, the power
consumption was 33.28mW. With the implementation of bit-
serial, they are able to reduce the power consumption by half.
For our proposed design, the power consumption is further
reduced by operating the filter at a 900mV supply, instead of
the nominal 1.8V supply. Reducing power supply is a
powerful tool to quadratically reduce power consumption.
But it requires care balance of gate designs to maintain drive
strength to meet the overall performance goal of operating at
1MHz clock rate.
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In [7], several bit-serial architectures are proposed. The
basic block diagram for the decimator in [7], as seen in Fig.
4, is an adder with a 25-bit shift register for the integrator
section and another 25-bit shift register with a subtractor for
the comb section. In this implementation, the clock
frequency for the bit-serial circuit is 25 times that of the bit-
parallel, for the same fifth order CIC filter. Because of this,
[7] saw a reduction in chip area from the bit-parallel
implementation of 0.045mm? in size to the bit-serial
implementation of 0.033mm? in size, with an increase in
power consumption at 6.144MHz data rate (315uW bit-
parallel, 6399uW bit-serial). This indicates that the bit-serial
architecture may not be suitable for all applications where
high performance is required.
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Figure 4. Bit serial architecture for an integrator and a comb for a 5" order
CIC filter [7]

TABLE I. POWER CONSUMPTION
Serial/ Total Total Area Clock Process
Parallel Power per bit Frequency Used
Serial [7] 6399W %gﬁ};t 6.144MHz "C}\;‘gg
Parallel [10] | 85mW o2mmit | 10MHz | OSHT
parallel [11] | 33.28mw | o2 9 | poompz | 20 MM
Serial [11] 15.12mwW ﬁ?: gates/ | ,00Mmz gsﬂ um

Several decimators that have been designed and tested are
summarized in Table 1. The bit-parallel architectures that are
displayed show a wide range of power consumption from
85mW to 315uW. The work done in [11] is one example of
the improvement which can be gained by changing from bit-
parallel to bit-serial. In this design, 15.16mW of power was
saved by switching to bit-serial.

IV. PROPOSED BIT-SERIAL CIC DESIGN

The proposed decimator design is a part of an integrated
sensor chip. Details of other components on the integrated
sensor chip can be found [12] and [13]. In biomedical
applications, the main design goal for the sensor chip is low
power. Bandwidth of biomedical signals is typically low.
With a 1MHz clock frequency, the proposed decimator, and
the accompanying sigma-delta modulator has a 512
oversampling ratio. 0.18um CMOS process being selected is
more than sufficient for the required performance. In order to
reduce the number of delay elements, and thus the power
consumption, we used a bit-serial architecture. In the
proposed bit-serial configuration, a word length of 10 bits is
used. In order to avoid overflow, this word length is sign
extended to 15 bits. The architecture is similar to [7] except
that at the comb stage, the size of the shift register has been
increased, as seen in Fig. 5.
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Figure 5. New bit serial architecture for an integrator and a comb for a 3"
order CIC filter

The purpose of the increased shift register size is to
achieve the desired differential delay. The 45-bit shift
register makes sure that the 15-bit word is delayed by 3x for
the comb section. In addition, the bit-serial will run at the
same frequency as the bit-parallel, and will be sampled at a
slower frequency. This means that we should not see the
large increase in power consumption observed in [7].

A few extra elements are needed for this design. One
such element is a counter for the incoming signal. This
counter will count the number of ones for every ten bits
coming in from the modulator. After it has seen ten bits, it
will reset and then count the next ten bits. The counter has a
parallel output, so a parallel in, serial out (PISO) shift
register is included to send a serial line of bits to the bit-serial
CIC.
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Figure 6. The top level diagram for the proposed bit-serial decimator
design

Fig. 6 shows the top level block diagram for the proposed
bit-serial decimator design. The FSM generates a control
signal for the counter and the first integrator block. As was
mentioned previously, the first section operates with 10 bits,
but to avoid overflow, all subsequent blocks operate with 15
bits. In order for the first section to operate correctly, it needs
to be stalled for five clock cycles while the rest of the blocks
finish their computations. In order to accomplish this, we
need a control signal that is high for ten clock cycles and low
for five clock cycles. This control signal is then ANDed with
the clock and the subsequent signal is used as the clock for
the counter and the first integrator section while all other
sections run on the normal clock. The FSM also produces
another signal called shift that is used for the PISO shift
register to change from parallel to serial.

The FSM itself is made up of a counter that counts from
zero to thirteen. NANDs and inverters are used to produce
the shift and control signals at the correct times. In addition,
the shift is also used as a reset signal for the FSM counter so

that it only goes from zero to thirteen instead of zero to
fifteen. The Boolean equation for the control signal is

Control signal = [1Q4 + (1Q3 * 1Q2)]*shift. 1)

In (1), Q4 is the MSB of the counter and Q1 is the LSB.
Because the shift is also the reset, the control signal needed
to be ANDed with the shift so that it stayed low for the
proper amount of time. The shift goes low on count 13 and
control needs to be low until 14, so the AND sets the control
signal low during reset to accomplish this goal. The shift
Boolean equation is

Shift = 1(Q1 * 1Q2) + 1(Q3 * Q4). o)

In (2) we see that the shift signal is high until the count
equals 1101, or 13, at which point shift goes low for one
clock cycle. This shift signal will also be used for any
subsequent electronics following the decimator, as the output
will be valid only every 15" clock cycle. If the shift signal is
inverted, its rising edge can be used as a clock to achieve this
goal.

For the final design, 250 DFFs, 124 NANDs, 16 inverters
and 10 multiplexers were needed. This gives us a total of 40
gates/bit. When compared to [11], this is a reduction of 227
gates/bit.

V. SIMULATION RESULTS AND LAYOUT

The overall design was simulated at the schematic level
as well as the extracted layout level. Ideally, the decimator
would receive its input from a modulator, which would
output a string of ones and zeros. A sample string to
represent a sine wave from a modulator was used to simulate
the decimator. This output was then compared to a behavior
model of the decimator in MATLAB.

Fig. 7 shows the final results from the extracted layout
simulation. A bit stream input was created from a 1kHz sine
wave fed into a modulator. The outputs S out through
S out3 are the final outputs from the integrator stages of
decimator. S_out4, S_outb, and y15 are the outputs from the
comb stages of the decimator. The final output is 15 bits long
and is valid every fifteenth clock cycle, with a clock cycle of
1MHz.
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Figure 7. Raw Cadence results with phases separated into 15s sections
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Phase 1 of the simulation is the 1st 15 clock cycles and is
used as a reset period. During phase 2, the data is being
stored in the 1st fifteen bit shift register. At phase 3 you can
see the first output from the first integrator. During phases 4
and 5, the data begins to appear at the outputs of the second
and third integrators. During phases 6 and 7, the data is being
processed through the first two comb filters. Finally, at phase
8, we begin to see the final output from the final comb stage,
represented by y15, which is the LSB of the final output. As
the graph clearly indicates, it takes from phase 2 to the
beginning of phase 8, or 90 clock cycles, before data appear
at the output.
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Figure 8. Final normalized sine wave output of the decimator

Fig. 8 shows the ideal input sine wave and the decimator
output sine wave. A small amount of distortion can be seen
on the Cadence graph that occurs when there is a low amount
of differential delay. This distortion would increase if D were
lowered to 30 or 15, as seen in Fig. 9.

The final result that we see at the output is the digital
representation of the sine wave originally fed into the sigma-
delta modulator with a frequency decimated by 15 clock
cycles. Thus, instead of a 1kHz wave on the output, we see
approximately a 66Hz sine wave normalized to 1V peak.
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Figure 9. Output comparison showing distortion at lower delay values

In order to define the amount of distortion seen in the
final output, a Gaussian distribution was taken of the
difference between the Cadence output and the ideal
simulations in MATLAB. This curve can be seen in Fig. 10.
The integrated biosensor chip is designed to have a 400mV
peak-topeak at the input of the on-chip ADC with a 10-bit
resolution, the LSB is 400uV. The error distribution from
the proposed design has a sigma value of 16.8uV and a
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mean error of 10 pV. The worst case error of mean plus
3sigma in this case is 60.4 uV which is well below LSB.
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Figure 10. Gaussian distribution of the Cadence error from the ideal

The final layout shown in Fig. 11 was implemented in a
commercial 0.18um CMOS process with 174.8um by
166.2um in size for a total area of 0.029mm?. The
entire chip area for the integrated sensor is approximately
1mm by 1mm so the decimator takes up about 3% of the
available space.

Figure 11. Final layout of the decimator

VI. CONCLUSION

The bit-serial configuration offers a promising solution to
reduce the size of the decimator on chip, as well as a way to
reduce the amount of power consumption. This configuration
does have the drawback of running slower compared to bit-
parallel designs. However, this drawback is far outweighed
by the reduction in size and power consumption, and the
reduction in performance poses no problem for biomedical
applications. Table Il shows the final comparison between
our work and the previous work. Compared to bit-parallel
designs, the proposed decimator design is significantly
smaller and consumes a significant less amount of power.
The bit-parallel designs work well for high-precision and
high-speed  applications. ~ However, the  bit-serial
configuration is ideal for biomedical applications because of
the low power and small size that it offers. The proposed
decimator design is slightly larger than the similar bit-serial
design reported in [7]. However, it is important to note that
the power and area calculated in [7] does not include routing
or parasitics in the final calculation. Our size and power
consumption data was obtained using the final routed layout
shown in Figure 11, and the power consumption data is from
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