
A RECORDING CIRCUIT AND A METHOD OF CONTROLLING THE SAME
Cross-Reference To Related Application 5[0001] This application
claims the benefit of priority of Singapore patent application No.
201106497-9, filed 9 September 2011, the content of it being hereby
incorporated by reference in its entirety for all purposes. Technical
Field 10 [0002] Various embodiments relate to a recording circuit and
a method of controlling the recording circuit. Background 15 [0003]
Simultaneous recording of neuropotentials over a large number of
electrodes from the brain provides an effective way for
neuroscientists and clinicians to study the brain state dynamics and
understand the nature of various neurophysiological behaviors. It has
a wide range of applications, including the development of brain
controlled neural 20prostheses, which are controlled directly by
thoughts. Recent clinical trials with paralyzed human volunteers have
shown that it is possible to restore limb movement by such kind of
neuroprosthetic devices. This calls for the development of low-power
low- voltage implantable multi-channel neural recording interface
integrated circuit (IC). [0004] Effective and reliable neural
research and diagnosis rely on multi-channel 25 recordings. High
density recording channels from 100 to as high as 256 are possible.
On the other hand, a recording microsystem implanted in the brain
requires extremely rigid requirement on power consumption of the high
density recording electronics, as slightly higher heat dissipation
will induce damage to the surrounding tissue, thus making the device
not suitable for long term monitoring. In addition, the power of
implantable 30devices is usually provided either by battery or
through wireless power link. In order to avoid frequent replacement
of battery or excessive electromagnetic wave exposure to live  



subjects, low power consumption is especially critical. Meanwhile,
chip area is also a key constraint for implantable device to minimize
the surgical damage. Therefore, the requirements of ultra low power
consumption, minimum chip area and high density recording provide a
great challenge to IC designers. 5[0005] Conventional multi-channel
biomedical recording sensor interface IC requires signal conditioning
and digitization blocks, which are usually realized by low-noise
preamplifier and analog-to-digital converter (ADC). Successive
approximation ADC (SAR ADC) is widely adopted in biomedical recording
system due to its low power, high resolution and moderate speed. Due
to chip area restraint, one ADC is usually shared by 10 multiple
analog front-end recording channels by employing an n-to-1
multiplexer as shown in FIG. 1A to be described later, where n is the
number of channels sharing one ADC. In order to preserve the sampling
frequency for each channel, the sampling frequency of the ADC needs
to be increased to n times of the sampling frequency for one channel
mode. As there is only one sample and hold (S/H) circuit in the
system, all  15 activities of the ADC take place in series.
Increasing the sampling frequency means a shorter time for tracking
and conversion, which are two essential actions for the SAR ADC.
Therefore, a much higher driving capability buffer is required to
maintain the tracking en-or within an acceptable range due to the
shorter tracking time. As a result, the power consumption of the
overall system will increase, which is not desirable for
20implantable devices. [0006] Efforts have been made in designs to
reduce the power consumption of individual functional block, such as
the low-noise preamplifier and the ADC, which can be realized with
few 1.1W power consumption. However, little has been done in
optimizing the overall system power consumption. Due to the shortened
tracking time of the  25 conventional multi-channel system
architecture, an associated preceding buffer of the ADC can draw tens
of 1.1.W power, thereby overriding any reduction in the power of the
preamplifier and the ADC, and resulting in a high total power
consumption of the system. [0007] In order to maintain low enough
power consumption, some conventional designs adopt data compression
or spike detection algorithm to minimize the power consumption. 30
However, this approach may lose some useful information and lead to
inaccurate outcome. Therefore, complete and raw neural data are
preferred for neural activity  analysis and diagnosis. As a result,
an ADC with at least 8-bit resolution is necessary in a neural
recording system. [0008] An alternative approach to reduce the system
power is to implement one sample and hold (S/H) circuit for each
analog recording channel, as shown in FIG. 2A to be 5 described
later. By doing so, the tracking time of the ADC is extended to
maximum and the power consumption of the buffer is minimized.
However, the area of one S/H circuit is almost equal to the ADC area.
Therefore, employing one S/H circuit per channel will significantly
increase the area of the overall system. [0009] In order to reduce
the chip area of a biomedical recording IC, multi-channel 10 analog
signals are usually multiplexed to share one ADC, as shown in FIG.
1A. FIG. lA shows a schematic diagram of a conventional multiplexed
multi-channel recording system 100. The conventional recording system
100 includes a plurality of buffers 102a, 102b, 102c, each providing
an analog input 103a, 103b, 103c, corresponding to respective analog
channels, to a multiplexer 104. The recording system 100 further



20 [0010] For the recording system 100, the n-channel (multi-channel)
analog inputs (e.g. 103a, 103b, 103c) occupy the ADC 108 in time
sharing basis. For example, if the input analog signal is within the
bandwidth of Loa, the sampling frequency of the ADC 108 is at least
(2nfug",d) according to the Nyquist rate, and the ADC 108 allocates a
time period of TADC = 11(211bigned) to each analog channel of the
respective analog 25 inputs 103a, 103b, 103c, through the n-bit
control signal of the multiplexer 104. Before digitization by the ADC
108 takes place, the S/H circuit 106 needs to track or sample the
analog input voltage level and stores it in a sampling capacitor of
the S/H circuit 106. The tracking (or sampling) process occupies a
time partially of the TADc. For a conventional SAR ADC, the
tracking/sampling period, Tsa",pk, is 1/(N+1) of TADc, and the 30
conversion (or holding) period TC0I2V is [NI(N+1)] of TADC for a
N-bit ADC, where N is the number of bits of the ADC 108.  100111 FIG.
1B shows a schematic diagram of a timing diagram 120 for the
recording system 100 of FIG. 1A, illustrating the time sharing scheme
of the recording system 100. The time interval indicated by `S'
represents the sampling period and the respective time intervals
indicated by `111', lin' represent the conversion periods of the S/H
5 circuit 106 and the ADC 108. Using channel 1, Chl, con-esponding to
an analog input, as a non-limiting example, the block `S' 122a and
the block 'Hi' 122b respectively represent the sampling period, with
a time interval of TADc/(N+1), and the conversion period, with a time
interval of [TADcN/(N+1)], related to Chl. The cycle time or period
between successive same channels is 1/(2fsigna/). It should be
appreciated that the various 10time intervals/durations are for
illustration purposes and not drawn to scale. [0012] During the
sampling period of one analog input channel, e.g. Chl, Ch2, Ch3, or
one analog input 103a, 103b, 103c, the multiplexer 104 connects the
buffer output of this channel with the S/H capacitor of the S/H
circuit 106 or the ADC 108, such that the buffer (e.g. 102a, 102b,
102c) will charge or discharge the S/H capacitor, and the current 15
output voltage level of the buffer (e.g. 102a, 102b, 102c) will be
stored in the S/H capacitor. The required output current of the
buffer (e.g. 102a, 102b, 102c), Ibu .11" en can be expressed by the
following equation: C x AV I-- fognal( N + I )CsAV bg(ferT sample
(Equation 1),  where Cs is the sampling capacitance of the S/H
capacitor of the ADC 108 and AV is the 20 voltage difference between
the buffer output of the current channel and the previous channel at
the time when sampling/tracking of the current channel starts,
7'sa",ple is the sampling period, n is the number of analog inputs
(e.g. 103a, 103b, 103c) or input channels, hig"al is the bandwidth of
an input analog signal (e.g. 103a, 103b, 103c) and Nis the number of
bits of the ADC 108. 



25[0013] In addition, the bandwidth of the buffer (e.g. 102a, 102b,
102c), Lupo needs to fulfill the following equations in order to
maintain the tracking error within half least significant bit (LSB)
of the ADC 108: AV x [ e^(-7'sample x 27-if bigger )] -I xV pp 2 2"
(Equation 2),  where `^' represents a power operation, e.g. e^5 = e5.
Therefore, by re-arranging Equation 2, Equations 3 and 4 below may be
obtained; and,  (Equation 3), (Equation 4),  f buffer9 T -TrA sample
Mrs. not( N +1) ha > 177(2N+I Av\ 



V pp/ 2N*I AV\   fbuffer V PP./   5where Vpp is the fiall-scale input
range of the ADC 108. [0014] As can be seen from Equations 1 and 4,
both the required output current of the buffer (e.g. 102a, 102b,
102c), /bow, and the bandwidth of the buffer (e.g. 102a, 102b,
102c),Leen are proportional to n(N+1). In other words, the current
drawn by each buffer (e.g. 102a, 102b, 102c) is proportional to the
resolution (N-bit) of the ADC 108 and the  10 number, n, of channels
that the ADC 108 is supporting. In fact, this is an optimistic
estimation as the current required to achieve the bandwidth of
nfsig,,at is larger than nI, where I is the cuirent needed to achieve
the bandwidth ofLg.', due to the fact that the parasitic capacitances
play more and more important roles in high frequency range and
therefore more current is needed to compensate for the parasitic
capacitances. With the  15 increase of n, the power consumption of
the buffer (e.g. 102a, 102b, 102c) will increase significantly, even
for a moderate resolution of the ADC 108. For example, using a
conventional multiplexed system structure, the buffer may draw a
current of 20.3 ILIA while the preamplifier draws a current of only 2
1.1A. Therefore, the buffer (e.g. 102a, 102b, 102c) is the dominant
power consumer in the recording system 100 and more effort  20 is
needed to minimize the buffer current, as well as the total power of
the recording system 100. Therefore, the recording system 100 is
power inefficient. [0015] One conventional approach used to lower the
power consumption of the buffer is employing a dedicated sample and
hold (S/H) circuit for each analog input channel, as shown in FIG.
2A. FIG. 2A shows a schematic diagram of a conventional multiplexed 



25 multi-channel recording system 200. The recording system 200
includes a plurality of buffers 202a, 202b, 202c, each providing an
analog input 203a, 203b, 203c, to a sample and hold (S/H) circuit
206a, 206b, 206c. The analog signals 203a, 203b, 203c are sampled by
the respective sample and hold (S/H) circuits 206a, 206b, 206c before
being provided to the multiplexer (MUX) 204 and then passed to the
analog to digital  converter (ADC) 208 for digitization. While three
buffers 202a, 202b, 202c, three analog inputs 203a, 203b, 203c and
three S/H circuits 206a, 206b, 206c are shown, there may be n number
of buffers providing n number of analog inputs and sampled by n
number of S/H circuits (e.g. n may be 10). 5[0016] By adopting such a
system structure, the tracking (or sampling) time is extended from
TADeN-F-0 (FIGS. IA and 1B) to (n-VTApc as shown in FIG. 2B, which
leads to a significant reduction of the buffer cuiTent according to
Equation I. FIG. 2B shows a schematic diagram of a timing diagram 220
for the recording system 200 of FIG. 2A. As shown in FIG. 2B, the S/H
circuit, S/H1 (e.g. 206a), may process the input signal 222a of  10
channel 1, Chi, while S/H2 (e.g. 206b) may process the input signal
222b of channel 2, Ch2, S/H3 may process the input signal 222c of
channel 3, Ch3, and S/Hn may process the input signal 222d of channel
n, Chn. [0017] The respective time intervals indicated by 'Si',
`S2',..., `Sn' represent the sampling period and the respective time
intervals indicated by 'HI',`Fin'  15 represents the conversion
period of the respective S/H circuit, S/H1, S/H2,..., S/Hn,
corresponding to the respective channels, Chi, Ch2,..., Chn. Using
channel 1, Chi, corresponding to the analog input 222a, as a
non-limiting example, the blocks 'S 1 ' 224a and the blocks 'II 224b
respectively represent the sampling period, with a time duration of
(n-1)TADc, and the conversion period, with a time interval of TADc,
related to Chl. The  20 cycle time or period between successive
conversion actions of each S/H circuit is 1/(2fsignat). It should be
appreciated that the various time intervals/durations are for
illustration purposes and not drawn to scale. [0018] With the
sampling time of the ADC 208 extended to 2TADc or more (e.g. 2Tioc),
the power consumption of the buffer (e.g. 202a, 202b, 202c) is no
longer 25 dominant in the system. However, a longer sampling time, of
more than 2TADc, has very little further effect on the total system
power, and therefore, having one S/H circuit per input channel may
not substantially further reduce the total system power. [0019] In
addition, such a multi-channel S/H recording system 200 requires n
number of S/H capacitors for the n number of S/H circuits (e.g. 206a,
206b, 206c), which is usually 30in the range of 3 pF to 5 pF for each
capacitor to minimize the effect of parasitic capacitance and
maintain the digitization error within an acceptable range. For an
SAR 



ADC, the area of the sampling capacitor takes up about half of the
total area of the overall ADC. When the number of channels increases
(i.e. n increases), the physical area of the system will increase
dramatically due to the increased number of sampling capacitors.
Therefore, the recording system 200 is area inefficient. As a result,
this 5 multi-channel S/H approach of the recording system 200 is not
suitable for implantable biomedical devices or applications with
limited chip area constraint. Summary 10100201 According to an
embodiment, a recording circuit is provided. The recording circuit
may include a multiplexing circuit configured to receive a plurality
of input signals and to produce a multiplexed output signal including
the plurality of input signals, and a plurality of sampling circuits
electrically coupled in parallel to each other, each sampling circuit
being configured to sample a portion of the multiplexed output signal
15 corresponding to an input signal of the plurality of input signals
and the sampling circuits configured to alternately produce an output
signal corresponding to the sampled portion. [0021] According to
another embodiment, a method of controlling a recording circuit is
provided. The method may include multiplexing a plurality of input
signals to produce a multiplexed output signal, sampling a portion of
the multiplexed output signal 20 corresponding to an input signal of
the plurality of input signals via each sampling circuit of a
plurality of sampling circuits electrically coupled in parallel to
each other, and producing alternately an output signal corresponding
to the sampled portion from the sampling circuits. 25Brief
Description of the Drawings [0022] In the drawings, like reference
characters generally refer to the same parts throughout the different
views. The drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the
invention. In the 30following description, various embodiments of the
invention are described with reference to the following drawings, in
which:  [0023] FIG. IA shows a schematic diagram of a conventional
multiplexed multi-channel recording system. [0024] FIG. 1B shows a
schematic diagram of a timing diagram for the recording system of
FIG. 1A. 



5[0025] FIG. 2A shows a schematic diagram of a conventional
multiplexed multi-channel recording system. [0026] FIG. 2B shows a
schematic diagram of a timing diagram for the recording system of
FIG. 2A.     100271 FIG. 3A shows a schematic block diagram of a
recording circuit, according to 10various embodiments. [0028] FIG. 3B
shows a flow chart illustrating a method of controlling a recording
circuit, according to various embodiments. [0029] FIG. 4A shows a
schematic diagram of a recording circuit, according to various
embodiments. 15[0030] FIG. 4B shows a schematic diagram of a timing
diagram for the recording circuit of FIG. 4A. [0031] FIG. 4C shows a
schematic diagram of a timing diagram for the recording circuit of
various embodiments.     [0032] FIG. 5 shows a plot of system power
and chip area as a fimction of the number of 20S/H circuits for the
recording circuits of various embodiments. [0033] FIG. 6 shows a plot
of figure of merit (FOM) as a fimction of the number of S/H circuits,
based on 10 input channels per ADC, for the recording circuits of
various embodiments. 25Detailed Description [0034] The following
detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the
invention may be practiced. These embodiments are described in
sufficient detail to enable those 



30skilled in the art to practice the invention. Other embodiments may
be utilized and structural, logical, and electrical changes may be
made without departing from the scope  of the invention. The various
embodiments are not necessarily mutually exclusive, as some
embodiments can be combined with one or more other embodiments to
form new embodiments.     [0035] Embodiments described in the context
of a device are analogously valid for a  5 method, and vice versa.
[0036] Features that are described in the context of an embodiment
may correspondingly be applicable to the same or similar features in
the other embodiments. Features that are described in the context of
an embodiment may correspondingly be applicable to the other
embodiments, even if not explicitly described in these other
embodiments.  10 Furthermore, additions and/or combinations and/or
alternatives as described for a feature in the context of an
embodiment may correspondingly be applicable to the same or similar
feature in the other embodiments. [0037] In the context of various
embodiments, the phrase "at least substantially" may include
"exactly" and a variance of +/- 5% thereof As an example and not
limitations, "A 15 is at least substantially same as B" may encompass
embodiments where A is exactly the same as B, or where A may be
within a variance of +/- 5%, for example of a value, of B, or vice
versa.   [0038] In the context of various embodiments, the term
"about" or "approximately" as applied to a numeric value encompasses
the exact value and a variance of +/- 5% of the  20 value. [0039] As
used herein, the term "and/or" includes any and all combinations of
one or more of the associated listed items. [0040] Multi-channel
recording and simultaneous digitization of recorded data may be
necessary for many biomedical applications, where power consumption
and chip area are  25 very critical benchmarks. The existing
multi-channel biomedical recording system architectures either
consume very high power, or occupy large chip area, which is
undesirable for portable or implantable biomedical devices. In view
of these, various embodiments may provide power efficient and chip
area efficient recording circuits, where the sample and hold actions
are processed in parallel, using multiple sample-and- 30hold (S/H)
circuits in the recording circuits, for example for a multiplexed
analog-to- digital converter (ADC), e.g. for multi-channel biomedical
recording systems or devices. 



In various embodiments, the multiple sample-and-hold (S/H) circuits
may be provided in the analog-to-digital converter (ADC). The
recording circuits of various embodiments may achieve more than 600%
power reduction with minimal chip area increment, and more than 300%
area reduction, compared to conventional multi-channel systems. 5
Optimal or balance in the power and area trade-off may be realized by
using the circuit architectures of various embodiments for different
applications. Therefore, the recording circuits of various
embodiments may be power efficient and/or chip area efficient. 100411
Various embodiments may provide a power and area efficient
multi-channel recording circuit and recording system. Various
embodiments may provide a power and 10 area efficient circuit
architecture for multi-channel biomedical recording systems. Various
embodiments may provide a circuit arrangement or architecture
incorporating a plurality of sample and hold (S/H) circuits coupled
in parallel to each other, for multichannel recording systems. The
recording circuits of various embodiments may extend the tracking (or
sampling) time of the S/H circuits by, for example, 10 times for a
9-bit 15 successive-approximation analog-to-digital converter (SAR
ADC), leading to more than 10 times power saving for the associated
buffers. At the same time, any increment in the chip area may be
minimal. In addition, the recording circuits of various embodiments
may offer high flexibility on the circuit architecture and may
provide an approach to achieve optimal trade-off between the power
and the chip area for the recording circuits 20for different
applications. 100421 The recording circuits of various embodiments
may provide high efficiency in both circuit power consumption, and
the overall system power, and the chip area. The recording circuits
of various embodiments may be applied to any multi-channel systems,
for example including multi-channel systems which require low power
and a small chip 25 area. In one embodiment, dual S/H circuits may be
employed, which perform the sample and hold actions in a parallel
mode, leading to an extended tracking time of the ADC and more than
10 times current saving for the associated preceding buffers. At the
same time, the recording circuits of various embodinients preserve a
small chip area compatible with designs with very tight area budget.
In addition, the approach of various embodiments 30provides
flexibility to customize different recording circuit designs or
architectures, by  choosing a suitable number of S/H circuits for a
multi-channel recording system to fit different power consumption
and/or chip area requirements. [0043] Various embodiments may provide
a multi-channel recording circuit architecture including
multi-channel (e.g. n-channel, n2, e.g. 2, 3, 4, 5 or any higher
number) 5  analog inputs, an n-to-1 multiplexer (MUX), multiple S/H
circuits, e.g. coupled to the output of the multiplexer, and an ADC
to digitize the n-channel analog inputs. [0044] Various embodiments
may provide a method for extending the sampling (tracking) time of
the ADC, by employing dual S/H circuits, coupled in parallel, to
sample n-channel analog inputs (e.g. n 2, e.g. 2, 3, 4, 5 or any
higher number), in 10 which, when in operation, one S/H circuit is in
a sampling phase while the other S/H circuit is in a holding phase,
so as to extend the sampling time by utilizing the conversion time of
the previous channel using the two S/H circuits. 



[0045] Various embodiments may provide a method for reducing the
circuit/system power consumption, including providing one or more
buffers to drive a plurality of S/H 15 circuits, reducing the power
consumption of the buffer(s) by extending the sampling time of the
S/H circuits, and extending the ADC conversion time to reduce the
clock frequency of the ADC logic so as to reduce the power
consumption of the ADC logic. [0046] Various embodiments may provide
a method for optimising system power and chip area, including
providing two or more S/H circuits, coupled in parallel, where the 20
number of S/H circuits may depend on the applications and/or the
circuit power requirements and/or the circuit chip area requirements,
in which the more S/H circuits that are provided, the circuit power
is reduced while the chip size is increased, and vice versa, and
optimising the power and area trade-off by selecting a suitable
number of S/H circuits. 25[0047] FIG. 3A shows a schematic block
diagram of a recording circuit 300, according to various embodiments.
The recording circuit 300 includes a multiplexing circuit 302
configured to receive a plurality of input signals and to produce a
multiplexed output signal including the plurality of input signals,
and a plurality of sampling circuits 304 electrically coupled in
parallel to each other, each sampling circuit 304 being configured
30to sample a portion of the multiplexed output signal corresponding
to an input signal of the plurality of input signals and the sampling
circuits 304 configured to alternately  produce an output signal
corresponding to the sampled portion. The line represented as 306 is
illustrated to show the relationship between the multiplexing circuit
302 and the plurality of sampling circuits 304, which may include
electrical coupling and/or mechanical coupling. 5[0048] In other
words, the multiplexing circuit 302 may receive a plurality of input
signals, for example via a plurality of input terminals (e.g. n
number of input terminals for receiving n number of input signals) of
the multiplexing circuit 302, and produce or generate a multiplexed
output signal made up of the plurality of input signals, and which
may be supplied from the multiplexing circuit 302 via an output
terminal. In various 10 embodiments, a multiplexed output signal may
be a sequence of the plurality of input signals. Accordingly, the
multiplexing circuit 302 may be an n-to-1 multiplexing circuit or
multiplexer (MUX). [0049] The plurality of sampling circuits 304 may
sample a portion of the multiplexed output signal corresponding to an
input signal of the plurality of input signals. As a non- 15 limiting
example, a first sampling circuit 304 may sample a portion of the
multiplexed output signal corresponding to a first input signal,
while a second sampling circuit 304 may sample a portion of the
multiplexed output signal corresponding to a second input signal.
[0050] In various embodiments, the same sampling circuit 304 may
sample portions of 20 the multiplexed output signal corresponding to
different input signals, as the recording circuit 300 cycles through
the plurality of input signals. 



[0051] For example, in embodiments with two sampling circuits 304,
sampling by the same sampling circuit 304 may be repeated after every
two input signals, i.e. the first sampling circuit 304 may sample the
first input signal, the third input signal and so on, 25 while the
second sampling circuit 304 may sample the second input signal, the
fourth input signal and so on. [0052] For example, in embodiments
with three sampling circuits 304, sampling by the same sampling
circuit 304 may be repeated after every three input signals, i.e. the
first sampling circuit 304 may sample the first input signal, the
fourth input signal and so on, 30the second sampling circuit 304 may
sample the second input signal, the fifth input signal  and so on,
while the third sampling circuit 304 may sample the third input
signal, the sixth input signal and so on. [0053] The plurality of
sampling circuits 304 may perform the sampling process in a parallel
mode but alternately produce an output signal from the sampling
circuits 304  5 corresponding to the sampled portion. For example,
this may be achieved where there is a delay between the sampling
start time for each sampling circuit 304 while the sampling time
interval or the overall sampling time interval for each sampling
circuit 304 is at least substantially the same. In other words, the
multiplexing circuit 302 may provide the multiplexed output signal to
each sampling circuit 304 at a delayed time interval from  10 one
sampling circuit 304 to another sampling circuit 304. Therefore,
there may be an overlap in the sampling time intervals of the
plurality of sampling circuits 304 at a particular time. [0054] As
the plurality of sampling circuits 304 may perform the sampling and
holding actions in a parallel mode, conversion for each channel by
the ADC is continuous. In 15other words, there is no rest time for
the ADC for performing conversions of the plurality 



of analog inputs. [0055] In various embodiments, the recording
circuit 300 may further include an analogue-to-digital converter
(ADC) configured to receive the output signal. The ADC receives the
output signal and converts the output signal into a digital signal,
i.e. the ADC 20digitizes the output signal. In various embodiments,
one or more or all of the plurality of sampling circuits 304 may be
separate from the ADC or may be part of the ADC. [0056] In various
embodiments, as the plurality of sampling circuits 304 alternately
produce an output signal corresponding to the sampled portion of the
multiplexed output signal, the ADC converts the output signal from
each sampling circuit 304 alternately to a 25digital signal. [0057]
In various embodiments, the recording circuit 300 may further include
a plurality of buffers, where each buffer may be configured to supply
an input signal of the plurality of input signals to the multiplexing
circuit 302. Each buffer may be a memory and may store the input
signal prior to being supplied to the multiplexing circuit 302.
30[0058] In the context of various embodiments, the number of the
plurality of sampling circuits 304 may be less than the number of the
plurality of input signals. This means  that the same sampling
circuit 304 may be employed to process or sample different portions
of the multiplexed output signal corresponding different input
signals. [0059] In the context of various embodiments, the plurality
of sampling circuits 304 may be two sampling circuits 304, three
sampling circuits 304, four sampling circuits 304 or 5any higher
number of sampling circuits 304, depending on the applications and/or
the circuit power requirements and/or the circuit area requirements.
[0060] FIG. 3B shows a flow chart 320 illustrating a method of
controlling a recording circuit, according to various embodiments. 



[0061] At 322, a plurality of input signals is multiplexed to produce
a multiplexed output 10signal. [0062] At 324, a portion of the
multiplexed output signal con-esponding to an input signal of the
plurality of input signals is sampled via each sampling circuit of a
plurality of sampling circuits electrically coupled in parallel to
each other. -      [0063] At 326, an output signal corresponding to
the sampled portion is produced 15alternately from the sampling
circuits. [0064] In various embodiments, the method may further
include converting the output signal to a digital signal. This
conversion may be performed over or in a time interval, T"",, defined
by T""" = 11(2nfsigm"), where n refers to the number of the plurality
of input signals and fsig",/ refers to a bandwidth of each input
signal of the plurality of input 20signals. [0065] In various
embodiments, at 324, the portion of the multiplexed output signal may
be sampled over or in a time interval, Tsampl, defined by Tsanipk =
(m-1)/( 2nfitgnat), where in refers to the number of the plurality of
sampling circuits, n refers to the number of the plurality of input
signals and Loaf refers to a bandwidth of each input signal of the
25plurality of input signals. [0066] In various embodiments, the
number of the plurality of sampling circuits may be less than the
number of the plurality of input signals. [0067] In the context of
various embodiments, the method includes sampling the multiplexed
output signal via two sampling circuits, three sampling circuits,
four 30 sampling circuits or any higher number of sampling circuits,
depending on the applications and/or the circuit power requirements
and/or the circuit area requirements.  [0068] In the context of
various embodiments, each input signal may be an analog input signal.
[0069] In the context of various embodiments, each input signal may
correspond to an input channel. In other words, a particular input
signal may be from a particular input 5channel. 



[0070] In the context of various embodiments, the term "multiplexing
circuit" may mean or may include a multiplexer (MUX). The multiplexer
may be an analog multiplexer. [0071] In the context of various
embodiments, the terms "multiplex" and "multiplexing" may mean
combining a plurality of signals into one signal for transmission
over a 10 common line, medium or channel. [0072] In the context of
various embodiments, the term "sampling circuit" may mean or may
include a sample and hold (S/H) circuit. The S/H circuit may be an
analog circuit that samples (e.g. captures) an amplitude of a
continuously varying analog signal and holds (e.g. locks) its value
at a constant level for a particular time interval. 15[0073] In
various embodiments, the S/H circuit may include a capacitor which,
for example, may be charged during the "sample" mode, thereby
resulting in a voltage across the capacitor, and which may hold the
charge during the "hold" mode, and thereby at least substantially
maintaining the voltage across the capacitor, within the particular
hold time interval. 20[0074] In the context of various embodiments,
the terms "sample" and "sampling" may mean a step or process of
performing measurements at intervals (e.g. regular intervals) of the
amplitude of a continuous and/or varying signal/waveform. In other
words, the continuous signal may be approximately represented by a
series of discrete values, thereby reducing the continuous signal to
a discrete signal. The terms "sample" and 25"sampling" may be
interchangeably used with the terms "track" and "tracking". [0075] In
the context of various embodiments, the terms "convert" and
"converting" as used in the context of producing a digital signal may
be interchangeably used with the terms "hold" and "holding". The time
interval for "converting" a signal to a digital signal by an ADC may
be equivalent to the time interval for "holding" a signal that is
sampled 30by a S/H circuit.  [0076] In the context of various
embodiments, the terms "couple" and "coupled" may include electrical
coupling which may allow a current to flow, and/or mechanical
coupling. [0077] In the context of various embodiments, a reference
to the terms "couple" or 5 "coupled" with regard to two or more
components may include a reference to "directly coupled" or
"indirectly coupled", e.g. including one or more other components
(e.g. resistor and/or inductor and/or capacitor) connected
therebetween the two or more components. [0078] FIG. 4A shows a
schematic diagram of a recording circuit 400, according to 10 various
embodiments, incorporating a dual sample and hold (S/H) scheme for a
multichannel system, in order to achieve both requirements of low
power consumption and small chip area to provide a power efficient
and an area efficient recording circuit. The recording circuit 400
may be employed to record a plurality of signals from a plurality of
analog channels, for example n channels (e.g. n may be 10). The
analog recording 



15channels may be multiplexed to the two S/H circuits. [0079] The
recording circuit 400 includes a plurality of buffers 402a, 402b,
402c, each buffer 402a, 402b, 402c receiving and providing a
respective analog input 403a, 403b, 403c, to a multiplexer (MUX) (or
a multiplexing circuit) 404. The recording circuit 400 further
includes two sample and hold (S/H) circuits (or sampling circuits)
406a, 406b, 20coupled in parallel to each other, and coupled in
series with the multiplexer 404. [0080] The recording circuit 400
further includes an analog-to-digital converter (ADC) (e.g. a
successive approximation ADC, SAR ADC) 408 coupled in series with the
two S/H circuits 406a, 406b and with the multiplexer 404. In various
embodiments, the two S/H circuits 406a, 406b may be coupled between
the multiplexer 404 and the ADC 408. 25 [0081] In operation, the
multiplexer 404 receives a plurality of input signals 403a, 403b,
403c, e.g. through respective input terminals of the multiplexer 404,
and then multiplexes the plurality of input signals 403a, 403b, 403c
to produce a multiplexed output signal 410 to be outputted via an
output terminal of the multiplexer 404 to the two S/H circuits 406a,
406b. Each of the two S/H circuits 406a, 406b samples a portion of
the multiplexed 30output signal 410 and the two S/H circuits 406a,
406b alternately produce an output signal 412 to be supplied to the
ADC 408, which then converts the signal 412 to a digital  signal 414.
As the two S/H circuits 406a, 406b are coupled in parallel, the two
S/H circuits 406a, 406b may process (e.g. performing sample and hold
actions) the respective portions of the multiplexed output signal 410
parallelly or simultaneously. [0082] In various embodiments, the two
S/H circuits 406a, 406b work in an alternate 5 manner. That is, when
one S/H circuit (e.g. 406a) is in the "holding" phase, where
digitization of one analog input of an analog recording channel is
carried out, the other S/H circuit (e.g. 406b) is in the "sampling"
phase, where sampling of the signal from the next analog recording
channel is carried out. [0083] By adopting the dual S/H circuit
architecture, the sampling/tracking time, 71-_aniple, 10 may be
extended to TADC, from TADc/(N+1) corresponding to the recording
system 100 (FIG. 1 A and 1B), as the sample and hold actions are
conducted in parallel as compared to in series for the recording
system 100. [0084] FIG. 4B shows a schematic diagram of a timing
diagram 430 for the recording circuit 400 of FIG. 4A, illustrating
the sampling and holding time intervals 15 (i.e. circuit/system time
allocation) for the dual S/H circuits with multiplexed analog input
signals. In comparison to the timing diagram 120 (FIG. 1B), the
extension in the tracking period or time interval, T"",pie, for the
recording circuit 400 may be clearly observed. [0085] As shown in
FIG. 4B, the S/H circuit, S/H1 432a (e.g. 406a, FIG. 4A), may 



20 process the input signal corresponding to channel 1, Chi 434a,
while S/H2 432b (e.g. 406b, FIG. 4A) may process the input signal
corresponding to channel 2, Ch2 436. Subsequent input signals from
successive channels are then repeatedly processed by S/H1 432a and
S/H2 432b. For example, S/H1 432a subsequently processes the input
signals corresponding to channel 3, Ch3 438, channel 5, Ch5, channel
(n-1), Ch(n-1), and 25 then back to channel 1, Chl 434b, while S/H2
432b subsequently processes the input signals corresponding to
channel 4, Ch4, channel 6, Ch6, channel n, Chn 440, and then back to
channel 2, Ch2. [0086] The respective time intervals indicated by
`SP, `S2',..., `Sn' represent the sampling (tracking) period and the
respective time intervals indicated by 111', 30lin' represent the
conversion (holding) period corresponding to the respective channels,
Chi 434, Ch2 436,..., Chn 440. Using the input signal corresponding
to Chi 434a as a  non-limiting example, the block `SI ' 442a and the
block `111' 442b respectively represents the sampling period (time
interval) and the conversion period (time interval) related to Chi
434a. The cycle time or period, Tuck, between successive conversion s
actions of each S/H circuit 432a, 432b, is 1/(2f, wad1, where ffig",/
is the bandwidth of the 5input signal. It should be appreciated that
the various time intervals/durations are for illustration purposes
and not drawn to scale. [0087] As shown in FIG. 4B, there is a delay
of a time interval, represented by block 444, between the starting
points of the sampling time intervals (i.e. between the start of the
respective sampling processes) of S/H1 432a and S/H2 432b. 10[0088]
In addition, as illustrated in FIG. 4B, S/H1 432a and S/H2 432h
process the respective input signals in a parallel manner, where the
respective overall sample and hold actions by S/H1 432a and S/H2 432b
are performed in a parallel manner, where these overall actions
overlap with each other. For example, while S/H1 432a is performing
the hold action at HI 442b, S/H2 432b is performing the sample action
at 15 S2446, and while S/H2 432b is performing the hold action at H2
448, S/H1 432a is performing the sample action at S3 450. Therefore,
the individual sample actions and the individual hold actions are
alternately performed by S/H1 432a and S/H2 432b, which alternately
produce an output signal. Therefore, the individual sample actions
performed by S/H1 432a and S/H2 432b do not overlap, and the
individual hold actions performed 20 by S/H1 432a and S/H2 432b do
not overlap. However, the overall sample and hold actions performed
by S/H1 432a and S/H2 432b overlap. 



100891 For the recording circuit 400 with dual S/H circuits 406a,
406b, the preceding buffers 402a, 402b, 402b have a longer time to
charge or discharge the sampling capacitors of the S/H circuits 406a,
406b. As a result, the required output current of the 25 buffer,
'buffer, dua/S11, decreases significantly as compared to the
conventional recording system 100 architecture (FIG. 1A). The
required output current of the buffer, Ibuffe, dua/SH, of the
recording circuit 400 may be expressed as Cs x -
2nfs,g"alCsAV(Equation 5), Ibuffer.dualSH sample     where Cs is the
sampling capacitance of the S/H capacitor of S/H1 432a or S/H2 432b,
30 A V is the voltage difference between the buffer output of the
current channel and the  previous channel at the time when
sampling/tracking of the current channel starts, Tsampie is the
sampling period, n is the number of analog inputs 403a, 403b, 403c or
input channels, andfignat is the bandwidth of the analog input 403a,
403b, 403c.     [0090] The required bandwidth of the buffer, Aupr,
dual571, may be estimated by the 5following equation >17LIg"al  In(2
N11 AV) fbieer.dualSH - TCV PP (Equation 6), 



where Vpp is the full-scale input range of the ADC 408, and N is the
number of bits of the ADC 408. [0091] By comparing Equation 1 to
Equation 5, and Equation 4 to Equation 6, it may be 10 seen that the
required output current, 'buffer, dua/SH, and the bandwidth of the
buffer, fbuifer, d"atsw, of the recording circuit 400 with a dual
parallel S/H circuit architecture, are (N+1) times smaller than the
recording system 100 adopting a conventional SAR ADC system.
Consequently, the power consumption of the driving buffers 402a,
402b, 402c, of the recording circuit 400 decreases by more than (N+1)
times. As the power 15 consumption of the buffers 102a, 102b, 102c
(FIG. 1A) are dominant in the multi-channel recording system 100, the
power reduction of the overall recording circuit 400 is prominent as
compared to the recording system 100. [0092] In addition, as shown in
FIG. 1B and FIG. 4B, the conversion time interval, Tc017, is extended
for the recording circuit 400, as the conversion activities occupy
the whole 20 time interval of 1/(2nfsig",/) or TADc, and there is no
need for the conversion activities to share the same time interval of
11(2nfs,g""i) with the sampling actions. This may reduce the
conversion clock frequency as well as the clock frequency of the ADC
logic. Consequently, the power consumption of the clock-related
modules (e.g. clock generator) may be decreased. In addition, the
power consumption of the ADC logic may be 25reduced. [0093]
Furthermore, with a dual parallel S/H circuits 406a, 406b
architecture for n-channel analog inputs in the recording circuit
400, the increment in the chip area is minimal compared to the
recording system 200 (FIG. 2A).     [0094] In various embodiments, in
order to minimise mismatch between the four S/H 30 circuits, which
may occur when the same analog channel is sampled by different S/H
circuits, the recording circuit 400 may be employed to receive and
process input signals from input channels of a number of multiples of
2 (e.g. 2, 4, 6, 8 or 10 input channels). [0095] While three buffers
402a, 402b, 402c, and three analog inputs 403a, 403b, 403c are shown
in FIG. 4A, it should be appreciated that there may be n number of
buffers 5 providing n number of analog inputs, where n 2. [0096]
While the two S/H circuits 406a, 406b are shown separately, the two
S/H circuits 406a, 406b may be different pails of a same circuit.
Therefore, the two S/H circuits 406a, 406b may form part of an
overall single circuit, instead of being two separate circuits.
10[0097] While the two S/H circuits 406a, 406b are shown separate
from the ADC 408, the two S/H circuits 406a, 406b may be or form part
of the ADC 408. 



[0098] It should be appreciated that the recording circuits of
various embodiments may employ in number of S/H circuits, where in 2,
depending on the applications and/or the recording circuit power
requirements and/or the recording circuit chip area requirements. 15
It should be appreciated that, as long as the conversion activities
in the in S/H circuits do not overlap with each other, the same
digitization module (e.g. including ADC 408) may be shared by the in
S/H circuits. [0099] FIG. 4C shows a schematic diagram of a timing
diagram 450 for the recording circuit of various embodiments,
including four sampling circuits or S/H circuits 20 electrically
coupled to each other, in parallel. The timing diagram 450
illustrates the sampling and holding time intervals (i.e.
circuit/system time allocation) for the four S/H circuits with
multiplexed analog input signals. 101001 As shown in FIG. 4C, the S/H
circuit, S/H1 452a may process the input signal corresponding to
channel 1, Chl 454, S/H2 452b may process the input signal 25
corresponding to channel 2, Ch2 456, S/H3 452c may process the input
signal corresponding to channel 3, Ch3 458, while S/H4 452d may
process the input signal conesponding to channel 4, Ch4 460. [0101]
Subsequent input signals from successive channels are then repeatedly
processed by S/H1 452a, S/H2 452b, S/H3 452c and S/H4 452d. For
example, S/H1 452a 30subsequently processes the input signals
corresponding to channel 5, Ch5 462, channel (n-3), Ch(n-3), and then
back to channel 1, Chi. S/H2 452b subsequently  processes the input
signals corresponding to channel 6, Ch6, channel (n-2), Ch(n-2), and
then back to channel 2, Ch2. S/H3 452c subsequently processes the
input signals corresponding to channel 7, Ch7, channel (n-1),
Ch(n-1), and then back to channel 3, Ch3. S/H4 452d subsequently
processes the input signals corresponding to channel 8, 5 Ch8,
channel n, Chn, and then back to channel 4, Ch4. 



[0102] The respective time intervals indicated by 'SP, '52',
`53',..., represent the sampling (tracking) period and the respective
time intervals indicated by `112', `H3',..., represent the conversion
(holding) period corresponding to the respective channels, Chi 454,
Ch2 456, Ch3 458,.... Using the input signal corresponding to 10 Chl
454 as a non-limiting example, the three blocks 'Si' collectively
represented as 464 and the block 'HI' 466 respectively represent the
sampling period (time interval) and the conversion period (time
interval) related to Chl 454. The cycle time or period, 'Cycle,
between successive conversion actions of each S/H circuit 452a, 452b,
452c, 452d is 1/(2fsignat), where fsig"/ is the bandwidth of the
input signal. It should be appreciated that 15 the various time
intervals/durations are for illustration purposes and not drawn to
scale. [0103] As shown in FIG. 4C, there is a delay of a time
interval, represented by block 468, between the starting points of
the sampling time intervals (i.e. between the start of the respective
sampling processes) of S/H1 452a and S/H2 452b. There is also a delay
of a time interval, represented by block 470, between the starting
points of the sampling time 20 intervals of S/H2 452b and 5/113 452c,
and a delay of time intervals, represented by blocks 470, 472,
between the starting points of the sampling time intervals of S/HI
452a and S/H3 452c. There is also a delay of a time interval,
represented by block 474, between the stalling points of the sampling
time intervals ofn 5/113 452c and S/H4 452d, a delay of time
intervals, represented by blocks 474, 476, between the starting
points of 25 the sampling time intervals of S/H2 452b and S/H4 452d,
and a delay of time intervals, represented by blocks 474, 476, 478,
between the starting points of the sampling time intervals of S/H1
452a and S/H4 452d. [0104] In addition, as illustrated in FIG. 4C,
S/H1 452a, S/H2 452b, S/H3 452c, and S/H4 452d process the respective
input signals in a parallel manner, where the respective 30 overall
sample and hold actions by S/H1 452a, S/H2 452b, S/H3 452c, and S/H4
452d are  performed in a parallel manner, where these overall sample
and hold actions overlap with each other. [0105] For example, while
S/H1 452a is performing the sample action at Si 464, S/H2 452b may be
performing the sample action at 82 480 and 5/113 452c may be 5
performing the sample action at S3 482. While S/H1 452a is performing
the hold action at HI 466, 5/112 452b is performing the sample action
at S2 480, S/H3 452c is performing the sample action at S3 482, and
S/H4 452d is performing the sample action at S4 484.     [0106] While
S/H2 452b is performing the hold action at H2 486, S/H3 452c is 10
performing the sample action at S3 482, S/H4 452d is performing the
sample action at S4 484, and S/H1 452a is performing the sample
action at 55 488. [0107] While S/H3 452c is performing the hold
action at H3 490, S/H4 452d is performing the sample action at 54
484, S/H1 452a is perfonning the sample action at S5 488, and S/H2
452b is performing the sample action at S6 492. 



15[0108] Therefore, the individual sample actions performed by S/H1
452a, S/H2 452b, 51H3 452c, S/H4 452d may overlap while the
individual hold actions are alternately performed by S/H1 452a, S/H2
452b, S/H3 452c, S/H4 452d, which alternately produce an output
signal. Therefore, the individual hold actions performed by S/H1
452a, 51H2 452b, S/H3 452c, and S/H4 452d do not overlap. 20[0109]
For a recording circuit of various embodiments, including four
parallel S/H circuits coupled electrically, the sampling frequency of
the associated ADC is (2nfsignai) according to the Nyquist rate,
corresponding to a time period, TADC, Of TADC = 11(2Dfsignal), where
f, (pal is the bandwidth of the input analog signal and n is the
number of analog inputs. The tracking (or sampling) process occupies
a time interval, Zumpie, of 25Tsample = (111-1)TADC & 31(2Dfm,gnal)),
where in is the numbercircuits. The conversion (or holding) time
interval, T"",, is T"", = TADc2n [0110] For a recording circuit with
four parallel S/H circuits, the associated preceding buffers have a
longer time to charge or discharge the sampling capacitors of the S/H
circuits, as compared to the recording circuit 400 (FIG. 4A). As a
result, the required 30output current of the buffer, Ibige, fourSth
decreases as compared to the recording  circuit 400. The required
output current of the buffer, I-buffer ibiwah of the recording
circuit with four parallel S/H circuits may be expressed as _ Cs x AV
2nf51gualcAV (Equation 7). Ibufler,fourSH     [0111] The required
bandwidth of the buffer, fbuffer fours/f, may be estimated by the
5following equation  



[0112] Therefore, the required output current, /buffe. fours/f, and
the bandwidth of the buffer, fie fimrsy, of the recording circuit
with four parallel S/H circuits architecture, are 1/3 of that of the
recording circuit 400. Consequently, the power consumption of the
10associated driving buffers of the recording circuit with four
parallel S/H circuit decreases by 1/3. [0113] Accordingly, by
increasing the number of S/H circuits to in number, where in > 2, the
required output current, /bitob, and the bandwidth of the buffer,
fb"ffer, of the recording circuit with in parallel S/H circuits, are
(nz-1) times smaller than the recording circuit 400. 15
Consequently, the power consumption of the associated driving buffers
of the recording circuit with in parallel S/H circuits decreases by
more than (m-1) times. However, it should be appreciated that the
recording circuit with in parallel S/H circuits occupies an increased
chip area as compared to the recording circuit 400, to accommodate
the additional (m-2) S/H circuits. 20[0114] FIG. 5 shows a plot 500
of circuit/system power and chip area as a function of the number of
S/H circuits to illustrate the high power efficiency and area
efficiency of the recording circuits of various embodiments. In order
to obtain the results shown in FIG. 5, the following assumptions are
made based on the recording circuits of various embodiments. 251. The
power of the buffer in a recording circuit with dual parallel S/H
circuits is 1 unit (1.51.1W). 2. The power of the ADC in a recording
circuit with dual parallel S/H circuits is 8.3 units (12.5 p.M/).  



3. The circuit/system power is the sum of the power of the buffer and
the power of the ADC. 4. The ADC clock frequency is 2.7 MHz, and the
analog sampling frequency is 24.5 kS/s (S = sample, s = second) per
channel. 55. The S/H circuit area is half of the total ADC area for I
S/H ADC, and the area of ADC with 1 S/H is 1 unit. 6. The resolution
of the ADC is 10-bit, and one ADC supports 10 analog recording
channels. [0115] FIG. 5 shows that the increment in the chip area 502
is linear with the number of  10 S/H circuits, while the power
consumption 504 is non-linear with the number of S/H circuits. When
the number of S/H circuits increases from 1 to 2, the power 504
decreases significantly. The power consumption and chip area
associated with the recording system 100 (FIG. 1A) is shown by the
dashed ellipse 506, while the power consumption and chip area
associated with the recording system 200 (FIG. 2A) is shown by the
dashed  15 ellipse 508. The power consumption and chip area
associated with the recording circuit 400 (FIG. 4A) is shown by the
dashed ellipse 510, emphasizing the advantages over the conventional
recording systems. [0116] FIG. 6 shows a plot 600 of figure of merit
(FOM), in terms of circuit/system power and chip area, as a function
of the number of S/H circuits, for the recording circuit  20 of
various embodiments, based on the results of FIG. 5 (i.e. based on a
neural recording system with 1 ADC supporting 10 channels). As shown
in FIG. 6, the recording circuit 400 achieves a much better FOM, as
shown by the dashed circle 602, as compared to the FOM (dashed circle
604) for the recording system 100 (FIG. 1A) and the FOM (dashed
circle 606) for the recording system 200 (FIG. 2A). 25[0117] FIG. 6
indicates that a recording circuit with three parallel S/H circuits
has a slightly better FOM than the recording circuit 400. However,
there may be a challenge in that there may be a mismatch among the
three S/H circuits that may affect the ADC performance as the same
analog channel may be sampled by different S/H circuits. In addition,
design complexity is also increased as additional S/H circuits are
employed. 30Based on these considerations, the recording circuit 400
with two S/H circuits electrically coupled in parallel may provide an
optimal circuit, at least for some applications and  taking into
consideration the power consumption requirements and/or the chip area
requirements. However, it should be appreciated that, for example,
where there are 9 (or multiples of 3) input channels, as the same
analog channel is sampled by the same S/H circuit, mismatch may be
minimised. 5[0118] It should be appreciated that the number of S/H
circuits may be more than 2 and 



different applications may lead to different shapes for the results
of circuit/system power and chip area as a function of the number of
S/H circuits, as per FIG. 5, and/or the results of FOM, as per FIG.
6. Therefore, the optimal number of S/H circuits may be selected,
depending on the application and taking into consideration the power
consumption 10 requirements and/or the chip area requirements. For
example, where a recording circuit with four S/H circuits
electrically coupled in parallel of various embodiments may provide
an improved FOM, for example as compared to the recording circuit
400, four S/H circuits may be employed, and the sample and hold
timing diagrams are as illustrated in FIG. 4C. As long as the
conversion activities corresponding to the four S/H circuits do 15
not overlap, the same digitization module may be shared by the four
S/H circuits. In order to minimise mismatch among the four S/H
circuits, such a recording circuit may be employed to receive and
process input signals from input channels of a number of multiples of
4 (e.g. 4, 8, 12 or 16 input signals). [0119] Accordingly, the
overall recording circuit architecture may be designed with high 20
flexibility to achieve an optimal power and area trade-off with
customized number of S/H circuits in the recording circuit/system. In
other words, the number of S/H circuits may be varied in order to
achieve a balance in the trade-off between the circuit power and the
circuit chip area in the recording circuits of various embodiments.
[0120] The recording circuit 400 may be implemented in a low power
neural recording 25 integrated circuit (IC), which is designed based
on the 0.18-pm CMOS technology. Table 1 provides the performance
summary of the circuit. The recording circuit 400 may have minimal
settling error, e.g. few to tens ofi.t.V settling error.  Table 1
Parameter Value Buffer current (RA) 1.5 Buffer power (RW) 1.5 ADC
power (RW) 24 



ADC resolution (bit) 9 ADC sampling frequency (kHz) 245 ADC clock
frequency (MHz) 2.7 Power / channel (RW) 3.9 Area / channel (mm2)
0.08-0.15  [0121] A non-limiting example of a comparison of the
recording system 100 (FIGS. lA and 1B), the recording system 200
(FIGS. 2A and 2B) and the recording circuit 400 5 (FIGS. 4A and 4B)
is now described based onf-ignar - 10 kHz, an N-bit ADC with N=10, n
analog input channels with n = 10, C = 3 pF and AV= 0.8 V. [0122] For
the recording system 100, the sampling time,is about 0.45 Rs
(=1/[(2nfsigna)(N+1)] = 1/[(2 x 10x 10k)(10+1)]), and therefore the
output current of the buffer, huff, is about 5.3 RA (=(CsxAniTsampte
= (3x10-12x0.8)/(0.45x10-6)). The chip 10area for 1 S/H circuit and 1
ADC is approximately 0.05 mm2. [0123] For the recording system 200,
the sampling time, Zang*, is about 45 gs (=(n-1)/(2nfsignat) =
(10-1)/(2x10x10k)), and therefore the output current of the buffer,
4"ffe,., is about 0.05 RA (=(C5x,11V)/Tsampie =
(3x10-12x0.8)/(45x105). The chip area for 10 S/H circuits and 1 ADC
is approximately 0.23 mm2. 



15[0124] For the recording circuit 400, the sampling time, Ts,,,,,pk,
is about 5 ps (=1/(2nfsig",i) = 1/(2x10x10k)), and therefore the
output current of the buffer, 49., is about 0.48 RA (=(CsxAV)/Tsampre
= (3x10-12x0.8)/(5x10-6)). The chip area for 2 S/H circuits and 1 ADC
is approximately 0.07 mm2.     [0125] The recording circuits of
various embodiments may provide at least one or more 20of the
following advantages.  101261 High power efficiency by extending the
tracking time of the ADC.  10127] The recording system 100 (FIG. 1A)
with multiplexed analog inputs handles all the sample and hold
activities in a serial mode. This introduces the problem that when
the ADC is performing conversion, the analog inputs are idle, and
when the tracking 5process takes place, the logic and the register
array of the ADC are idle. [0128] In contrast, for the recording
circuits of various embodiments, the sample and hold actions are
performed in a parallel mode. This approach extends the process time
of the tracking operation by more than N times, where N is the number
of bits of the ADC in the recording circuits. Therefore, the power
consumption of the associated buffers of the 10recording circuits is
relaxed by more than N times, providing an effective approach for a
low power multi-channel recording circuit, for example for biomedical
devices. In addition, the ADC conversion clock frequency is also
decreased, leading to a reduced power consumption of the clock
related modules and/or the ADC logic module. [0129] High area
efficiency for n-channel analog inputs.  15[0130] Minimum
circuit/system power may be achieved by employing one S/H circuit for
every analog input channel. This approach gives maximum tracking time
and requires minimum current for the buffer. However, the sampling
capacitor of a S/H circuit usually takes up a significant portion of
the silicon area of the overall system. Therefore, coupling each
analog input with one S/H circuit results in a significant 20increase
in the total system area. When chip area comes into consideration,
this approach is less attractive even though a low system power is
achieved. 



[0131] The power consumption of the buffer may no longer be the
dominant parameter when the number of the S/H circuits is 2 or more,
for n-channel analog inputs (n 2). As a result, a further increase in
the number of the S/H circuits has a minimal effect on the  25
overall circuit/system power. The recording circuit 400 of various
embodiments, with two parallel S/H circuits, may achieve a power
reduction of about 10 times for the buffers 402a, 402b, 402c, with
minimal area increment to the overall circuit. Therefore, the
approach of various embodiments may achieve an optimal or balance of
the circuit/system power and chip area trade-off  [0132] High
flexibility to achieve optimal power area trade-off  [0133] The
recording circuits of various embodiments is not limited to two
parallel S/H circuits, but may be extended to more than two S/H
circuits (e.g. three, four, five or more S/H circuits) to fit
different applications. When the budget for power consumption is  5
limited while the chip area has relatively relaxed requirements, the
number of the S/H circuits may be increased to further extend the
tracking time and to reduce the circuit power consumption. The high
flexibility of the design of the recording circuits of various
embodiments provides an efficient and effective approach to optimize
both the circuit power and the chip area, allowing the recording
circuits of various embodiments to be  10 employed in designs or
devices with limited budget for power consumption and/or chip area.
[0134] In view of the above, various embodiments may provide a power
efficient and/or a chip area efficient (e.g. low power consumption
and/or small chip area) multi-channel recording circuit for neural
recording sensor interface IC for multi-channel neural  15 recording.
The recording circuit may include multiplexed analog inputs and two
parallel S/H circuits. With the two S/H circuits working in an
interleaved mode, sampling of one channel is carried out while the
ADC is digitizing the previous channel. By doing so, the sampling
time of the ADC may be extended to (N+1) times compared to
conventional ADC structure (e.g. FIG. 1A), where N is the number of
bits of the ADC. This leads to 20 more than (N+1) time power saving
for the associated preceding driving buffer(s) of the ADC, which may
be the bottle neck for reducing the circuit power consumption in
biomedical multi-channel recording systems. At the same time, the
circuit area increment may be maintained to be minimal. Therefore,
the recording circuits of various embodiments may reduce the overall
circuit power consumption with negligible increase 25in chip area. 



[0135] Various embodiments also provide an approach for optimizing
the circuit power and chip area, which may lead to a high power
efficient and area efficient circuit architecture for various
applications of power-efficient multi-channel biomedical signal
recording. 30[0136] Various embodiments also provide a low design
complexity and/or cost effective approach for recording circuits for
multi-channel recording.  [0137] While the invention has been
particularly shown and described with reference to specific
embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by
the appended claims. The scope of the invention is 5 thus indicated
by the appended claims and all changes which come within the meaning
and range of equivalency of the claims are therefore intended to be
embraced.  CLAIMS  1. A recording circuit comprising: a multiplexing
circuit configured to receive a plurality of input signals and to
5produce a multiplexed output signal comprising the plurality of
input signals; and       a plurality of sampling circuits
electrically coupled in parallel to each other, each sampling circuit
being configured to sample a portion of the multiplexed output signal
corresponding to an input signal of the plurality of input signals
and the sampling circuits configured to alternately produce an output
signal corresponding to the sampled portion. 10  2. The recording
circuit as claimed in claim 1, fin-ther commising an
analogue-todigital converter configured to receive the output signal.
3. The recording circuit as claimed in claim 1 or 2, further
comprising a plurality of 15buffers, each buffer being configured to
supply an input signal of the plurality of input signals to the
multiplexing circuit. 



4. The recording circuit as claimed in any one of claims 1 to 3,
wherein the number of the plurality of sampling circuits is less than
the number of the plurality of input 20signals.  5. The recording
circuit as claimed in any one of claims 1 to 4, wherein the recording
circuit comprises two sampling circuits. 256.The recording circuit as
claimed in any one of claims 1 to 4, wherein the recording circuit
comprises three sampling circuits. 7.A method of controlling a
recording circuit, the method comprising: multiplexing a plurality of
input signals to produce a multiplexed output signal;
sampling a portion of the multiplexed output signal corresponding to
an input signal of the plurality of input signals via each sampling
circuit of a plurality of sampling circuits electrically coupled in
parallel to each other; and           producing alternately an output
signal corresponding to the sampled portion from 5the sampling
circuits. 8.The method as claimed in claim 7, further comprising
converting the output signal to a digital signal. 109.The method as
claimed in claim 8, wherein converting the output signal to a digital
signal comprises converting over a time interval, T"",, defined by (
2nfs,:pal )' where n is the number of the plurality of input signals,
and Lg./ is a bandwidth of each input signal of the plurality of
input signals. 



15  10. The method as claimed in any one of claims 7 to 9, wherein
the number of the plurality of sampling circuits is less than the
number of the plurality of input signals.  11. The method as claimed
in any one of claims 7 to 10, wherein the method 20comprises sampling
the multiplexed output signal via two sampling circuits.  12. The
method as claimed in any one of claims 7 to 10, wherein the method
comprises sampling the multiplexed output signal via three sampling
circuits. 2513.The method as claimed in any one of claims 7 to 12,
wherein sampling a portion of the multiplexed output signal comprises
sampling over a time interval, E - aamplo defined by (m - 1)
TsamPle2nfmg"at where in is the number of the plurality of sampling
circuits,  n is the number of the plurality of input signals, and
fsignal is a bandwidth of each input signal of the plurality of input
signals. 




