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Low-power low-area techniques for multichannel recording
circuits dedicated to biomedical experiments
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Abstract. This paper presents techniques introduced to minimize both power and silicon area of the multichannel integrated recording cir-
cuits dedicated to biomedical experiments. The proposed methods were employed in multichannel integrated circuit fabricated in CMOS
180nm process and were validated with the use of a wide range of measurements. The results show that both a single recording channel and
correction blocks occupy about 0.061 mm? of the area and consume only 8.5 pW of power. The input referred noise is equal to 4.6 1 Vyys.
With the use of additional digital circuitry, each of the recording channels may be independently configured. The lower cut-off frequency
may be set within the range of 0.1 Hz—700 Hz, while the upper cut-off frequency, depending on the recording mode chosen, can be set either
to 3 kHz/13 kHz or may be tuned in the 2 Hz—400 Hz range. The described methods were introduced in the 64-channel integrated circuit.
The key aspect of the proposed design is the fact that proposed techniques do not limit functionality of the system and do not deteriorate

its overall parameters.

Key words: biomedical experiments, noise, multichannel integrated circuits.

1. Introduction

There are many different biomedical experiments that involve
using advanced electronics for recording biomedical signals
[1-4]. These are mainly run to extract valuable information
regarding human nervous system with a view to help people
either by developing new medicines or artificial implants. Ad-
ditionally, there is a growing demand for integrated systems
recording different biomedical signals to support people in their
daily lives [5-10]. The common attribute of abovementioned
applications is the fact that they need to be very small, other-
wise these could not allow for increasing spatial resolution of
the recordings, nor could they be implanted into the body for
experiment purposes. Also, there would be little demand on the
specific consumer market. Furthermore, depending on the final
purpose, these applications should consume very little power
(in the order of pW or even less) so as to allow for utilization
of the power provided either by a battery or wireless connection
[11]. Also, such systems should allow for recording different
species of biomedical signals [12] (see Table 1) from many
sites simultaneously (tens/hundreds of recording sites). Finally,
recording electronics should have very low input referred noise
(IRN) to allow for measurements of very weak input signals
(see Table 1).

In order to develop such a system one needs to utilize mod-
ern processes for fabrication of integrated electronics. However,
the key problem in the design of such a multichannel system
for biomedical signals recordings is the fact that its main pa-
rameters (i.e. its area occupation, power consumption, IRN or
functionality) are in contradiction with each other. For example,
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Table 1
Examples of biomedical signal parameters [12]

Type of Signal Frequency Band Amplitudes
Local Field Potential (LFP) 1 Hz-500 Hz 10 pV-5 mV
Action Potential (AP) 300 Hz-7 kHz 10 pvV=500 pv
EEG <1 Hz-100 Hz 1 pv-10 pv
ECG 5 Hz-500 Hz 1 mV-10 mV
EMG 20 Hz-1 kHz 100 pV-10 mV

minimization of power consumption affects the IRN whilst re-
cording channels area minimization may limit the functionality
of the system, have adverse effect on the IRN or deteriorate
uniformity of its main parameters. Therefore, one needs to pro-
pose solutions to both effectively utilize the available power and
area budgets, and not to deteriorate other important parameters.

There are many prominent examples of systems that present
different approaches for recording channels architecture [3, 6,
13—16]. In this paper, the design of the whole recording path is
presented with the emphasis on the methods allowing for min-
imization of both power and area with no negative influence
on other system parameters.

The paper is organized as follows. In Section 2, the design of
a recording channel is presented with a special attention paid on
its power consumption and area occupation. Section 3 provides
information regarding analog multiplexer where techniques for
the area and power minimization are also presented. Section 4
looks at the measurement results of designed multichannel re-
cording circuits, while Section 5 provides conclusions.
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Fig. 1. Schematic idea of the proposed recording channel

2. Recording channel

The main task of the recording channel is to perform amplifica-

tion and filtration of weak input biomedical signals. Additional-
ly, as these signals are conveyed using recording electrodes and
there may exist large DC time varying voltage offset, one also
needs to protect inputs of the recording stage from that poten-
tial to not saturate the amplifier. The above architecture of the
recording stage (see Fig. 1) meets the stated requirements. A re-
cording channel is divided into two paths, i.e. for conditioning
slow (LFP) and fast (AP) signals as we decided in our former
work [17, 18]. The reason for the channel division comes from
the fact we wanted to develop an IC capable of simultaneous
recording both slow and fast signals. Additionally, these signals
may differ in amplitudes (see Table 1) so channel separation
and its further individual control allows both to obtain an op-
timal analog—to-digital conversion and to decrease the amount
of transmitted data [17]. Also, the recording channel is digitally
assisted in order to minimize its main parameters spread from
channel to channel and to adapt it to different experiments. The
digital assistance is realized thanks to:

e FD REG DAC - local control of the lower cut-off fre-
quency of the recording channel,

e REF REG DAC — local control of the symmetry of the
preamplifiers inputs (important for improving Common
Mode Rejection Ratio),

e OFFSET REG DAC — local control to minimize the volt-
age offsets,

e LFP REG DAC — global control of the upper cut-off
frequency of the LFP channel,
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e AP REG DAC - global control of the upper cut-off fre-
quency of the AP channel.

The preamplifier is based on the commonly used stage [13—15]
that works with the capacitive feedback. The reason for this am-
plifier adaptation lies in its architecture, which is attractive in
terms of power dissipation, noise, input dynamic range and sim-
plicity of implementation. Furthermore, it has the inherent AC
coupling at the input [19]. The voltage gain of this stage is set
by the ratio of C/C; while the lower cut-off frequency is propor-
tional to 1/(2nR;C)). In order to obtain lower cut-off frequencies
much below 1 Hz the R|C; time constant should be very high.
Therefore, to minimize the area of this block, the R, is based on
a PMOS transistor working in subthreshold region (its channel
dimensions are W/L = 0.4 nm/50 pm) while C; has been made
as a MIM (metal-insulator-metal) capacitor. The upper cut-off
frequency is proportional to G,,/Cy ratio (G,, is preamplifiers’
transconductance and C is its loading capacitance — see Fig. 1).
In order to record different biomedical signals the ability to con-
trol both voltage gain and frequency bandwidth needs to be pro-
vided to its recording stage also. Here, the lower cut-off frequen-
cy is set in the preamplifier stage by an 8-bit DAC (FD _REG)
that changes R, resistance. This setting is independent in each
of the channels (8-bit DAC is a local block located in the chan-
nel) so the user can set lower cut-off frequencies independently
of other channels. The voltage gain of a particular path of the
recording stage is controlled with the channel independent in-
puts LFP. GAIN and AP_ GAIN. Additionally, to record different
signals in the LFP and AP path the user can change upper cut-off
frequency of this blocks with the use of 6 bit DACs (LFP_REG
and AP_REG respectively) — that part of the control is global.

Bull. Pol. Ac.: Tech. 64(3) 2016
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2.1. Design of the first stage. It is well known that it is mainly
the preamplifier that defines the IRN performance of the whole
recording channel. Electronic stages that follow the preamplifier
operate with already filtered and amplified signals, therefore
their noise contribution may be assumed as irrelevant. Thus,
the following part of the article refers solely to the IRN of the
preamplifier in term of its influence on the area occupation and
power consumption of the whole recording channel.

Having looked at the preamplifier schematic idea (see Fig. 1)
one can clearly see that its overall IRN is a contribution of two
main components, i.e. noise of the core of the amplifier and
the noise of resistors R,, R;. Because in the described design,
a CMOS process was selected (mainly because of its relatively
low cost production and fabrication accessibility) the ampli-
fier’s core noise is a product of two components, i.e. thermal
and //f flicker noise. Therefore, the relation of the amplifier’s
IRN can be written as

IRN = \/IRNTﬁ +IRN,} + IRN3 , (1)

where /RNty and IRNy; are thermal and flicker input referred
noise components of the preamplifier’s core and /RNy is the
input referred noise generated by the resistors Ry, R;.

To illustrate the influence of the preamplifier on its area and
power consumption the following assumptions were taken into
account. The area occupation of a single recording channel was
equal to the area of the employed capacitors as most of current
technologies allow for placing capacitors above active circuitry
(i.e. the core of the preamplifier is placed below the capaci-
tors). The capacitance/area ratio was assumed to ¢ = 1 fF/um?
(it is a reasonable assumption for most available technologies).
Therefore, the total area occupied by the recording channel was
about 2(C, + Cy)/c, which may be assumed as 2Cy/c (because
normally the Cy>>C)).

As it comes to the core of the preamplifier, it was as-
sumed that the input transistors of differential pair work in
the weak inversion region (its transconductance is equal to
2 = Ip/(ng o) — ng is the subthreshold slope factor usually in
the range of 1.1-1.3, ¢y is thermal voltage, /p, is a current sourc-
ing preamplifier) and that they are the major noise contributors
of this block.

Having these in mind, one can write the formulas for both
thermal and //f noise components of the preamplifier [20]:

dvTZ'H Sle — 4qns¢]2" (2)
df & I
and
v, 2K, 1 3
df  WLC,, [~

where Kr is the flicker noise coefficient, C,, is the oxide ca-
pacitance per input transistor channel area, f'is the frequency,
y = 0.5 in weak inversion and W, L are channel dimensions of
input transistors.
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Below, equations regarding particular noise contributions
are given. The starting formulas are presented which are fol-
lowed by the final equations that may be used to easly count
a IRN. Calculation details were earlier presented and may be
found in [21].

The thermal noise component is given by the following for-
mula:

SfHigh
C,+C +C,, »
]RNTH_MIN :\/ _[ ( C ) d Tde ~
fLow 0 (4)

~ 285101 | T~ 1o
. L

where Cj, is the input capacitance of the preamplifier, f;,, and
f10w are upper and lower cut-off frequencies of the amplifier.

The flicker noise component is given with the following
equation:

fHigh
C,+C, +C,
IRNW.:\/ j (LT T2 g df &

C
fLow 0 (5)
~) thgh
3 C fLow

The input referred noise generated by the R, R; resistors
is defined by:

]RNR = 2—,
CO Cl

where £ is Boltzmann constant, 7 is temperature.

Finally, in order to calculate the overall /RN (1) of the pre-
amplifier one has to take into account (4), (5) and (6). How-
ever, it should be pointed out that whenever the //f noise is
minimized the Cj, is equal to (Cy + C;). Therefore, the IRNty
becomes higher v2 times than the IRNty min- For that reason
the overall IRN can be written as

=J(‘/§X2'85X10_“ /(fH,gh fLow
Lo Elé g, / Ty

f Low

It can be seen that the overall /RN depends strongly on the re-
cording channel’s frequency band and the chosen IC fabrication
process (component K vary with CMOS technology [22-25]).
Also, power consumption (represented by /p) and area occupa-
tion (represented by capacitors Cy, C;) has a significant influence
on the /RN. Figure 2 presents how area, power, and the Ky pa-
rameter influence the overall /RN. For that analysis the amplifier
was set to record both the LFP and AP signals, i.e. its bandwidth
was set to 0.1 Hz—7 kHz with its voltage gain at 100 V/V.

For instance if the area of the preamplifier is very small,
i.e. 50 x 50 um?, and a process with K =22,5 x 10] is se-
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Fig. 2. Preamplifier’s area occupation and power consumption influence on the IRN for: a) Ky = 22.5x10° J, b) K, =2x10% ]

lected, one cannot decrease the IRN below 26 uVyys by using
additional current /. This is because for very small area, //f
noise starts to dominate and this component cannot be mini-
mized adding power. However, the //f noise contribution may
be decreased by using the CMOS process with lower Ky coef-
ficient (see Eq. 7). If the Kp=2 x 10 J and the same area is
considered the IRN can be decreased to 15 uVyys with addi-
tional current. On the other hand, for a large pixel area (in the
region of 1000 x 1000 um?), the noise cannot be lower than
1.3 pVgus (for Kp=22.5 x 1072 J) and 0.6 pVyys (for Kp=2
x 1072 J) even if the current sourcing the preamplifier is over
100 pA. This phenomenon is the reason of //f noise and noise
contributed by resistors R, and R;.

Additionally, one should keep in mind that area minimi-
zation may also be limited by the lower cut-off frequency of
the preamplifier. Keeping the same voltage gain of the pre-
amplifier (Cy/C; = const.), if the silicon area is reduced, both
capacitances must be reduced. Namely, the smaller the area
of the preamplifier, the smaller C; is, which means that there
is a need to introduce extremely high resistances occupying
small area in order to keep proper R,C;. This, however, re-
sults in other difficulties combined with current leakages of
the CMOS processes and the need to introduce these resis-
tances with good channel-to-channel uniformity [26]. Here,
a PMOS transistor is used whose channel dimensions are
W/L = 0.4 um/ 50 pm. To control the lower cut-off frequency
and minimize its channel-to-channel spread, the 8-bit DAC
(FD_REQG) is used. Additionally, in order to reduce leakage
current influence, the voltage offset minimization block is
used that is controlled by the DAC OFFSET REG (see Fig. 1).
This results from the fact that if the R is set very high, small
leakage currents of the preamplifier inputs [26] generate volt-
age drop on R, finally shifting the DC voltage at the recording
channel outputs.
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Having in mind area budget destined to preamplifier it was
fitted into 200 x 200 um? of area. It resulted in the capacitors
Cyo =10 pF and C; = 0.2 pF. The channel dimensions of input
transistors are W/L =400 pm/0.75 pm, while the preamplifier
is sourced by Ip = 3.3 pA.

2.2. Design of the second stage. The purpose of the second
stage is to amplify output signals of the preamplifier to meet
input compliance voltage of the analog-to-digital converter that
will be combined with slow and fast outputs stages. Moreover,
there is also the need to control upper corner frequency to al-
low for different signals recordings (see Table 1). This control
should cover broad frequency range to extract particular bio-
medical signal components.

Both, the AP and LFP amplifier cores are based on the sim-
ilar two-stage amplifier presented in Fig. 3. It is a popular am-
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Fig. 3. Schematic idea of the amplifier used as the core of the AP and
LFP stages
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plifier consisting of an input differential pair followed by the
common source amplifying stage. The amplifier has a push-pull
output stage as it will drive long routing lines conducting analog
signals to the multiplexer. Because the upper cut-off frequency
of the AP and LFP blocks is proportional to /,yp/Cy and it has
different values (see Table 1), the /5yp and Cy were appropri-
ately set in each of these blocks.

The AP stage works with capacitive feedback while the LFP
stage with resistive feedback (see Fig. 4). The user can change
voltage gains of these blocks individually in each of the re-
cording channels, i.e. voltage gain of the LFP can be set to
4 V/V or 7 V/V, while AP to 10 V/V or 20 V/V. Moreover, the
AP stage allows to tune its lower cut-off frequency to further
minimize undesired low frequency components. That control is
based on the MOS transistor Mg, (its channel dimensions are
W/L = 0.4 um/50 um) working as a tunable resistor. In order to
keep transistors’ My, gate-source drop-out voltage constant the
voltage shifter is used [18].

LFP_REG b) AP_REG

a)
DAC DAC

Voltage
Shifter
MF4
LFP_OUT T3
AP_GAIN 9 c4
IL
LFP_GAIN Clz_ !
© IN_AP
l—
C3 —O
AP_OUT

Fig. 4. Schematic idea of the amplifier used in a) LFP and b) AP stage

Since the upper cut-off frequency of the amplifier is pro-
portional to 7,\p/Cy. (see Fig. 3), the simplest way to its control
is to change either the sourcing current of the amplifier /,yp
or loading capacitance C. The former option, however, seems
better as the capacitances may occupy a lot of area. Still, this
method causes two main problems. Firstly, changing /,y;p one
may also influence other important parameters of the amplifi-
er, such as open loop gain or noise performance. Secondly, the
minimum /,yp level is limited by the transistor leakage currents.
The first of the disadvantages mentioned is not a case here, be-
cause the LFP amplifier adds no more than 7 V/V, so even if the
amplifier’s open loop gain changes with /,yp, there will still be
enough gain not to introduce considerable amplification error.
Additionally, the noise degradation with /,\;p reduction is also
not an issue as the LFP amplifier is preceded by the high gain
low noise preamplifier (see Fig. 1).

We investigated the problem of bottom 7,y limits in our
former work [18]. The I,\p was controlled by the 6-bit DAC
and in that way the upper cut-off frequency was modified.
However, during the measurements we encountered a large
discrepancy between simulations and real results of the fre-
quency bandwidth control range. Fig. 5 shows the upper cut-
off frequency measurement results versus the 6-bit DAC set-
ting. As it can be seen there is no way of decreasing the upper

Bull. Pol. Ac.: Tech. 64(3) 2016

cut-of frequency below about 150 Hz with the DAC. It is
worth noting that simulation results of the same controlling
approach showed it is possible to obtain the upper cut-off
frequency at 10 Hz.

1000 |

freq (Hz)

0o J T TP TP PR U U U TP TR HPUY HAPU HAPUR U P TP T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68

DAC (n)

Fig. 5. Measurement results of the upper cut-off frequency of the
prototype LFP amplifier

A possible solution of that problem would be increasing the
Cy of the amplifier. However, for the presented measurements
one should increase the C| value about fifteen times to get
similar results to those achieved in simulations, i.e. the area
of the LFP stage would increase by the same value. However,
this solution is not acceptable due to too much area occupation.

The reason of the abovementioned discrepancies comes
from the fact the leakage currents of the transistors working as
current mirrors (see Ms—Ms in Fig. 3) were not properly mod-
eled within library files. Namely, even if the DAC was com-
pletely turned off, that is the 7,\;p Was set to zero, there was still
current (a product of leakage currents) that was sourcing ampli-
fier. In order to minimize that effect, the core of the amplifier
was changed. Leaky transistors (M;—Ms) were exchanged with
transistors of thicker gate oxide with operating voltage at 3.3 V
(previous transistors were destined to 1.8 V). It is worth noting
that their gate oxide is 1.74 times thicker than those counter-
parts destined to 1.8 V supply voltage and new transistors have
30 times lower leakage currents.

Finally, the upper cut-off frequency of the AP and LFP were
set by loading capacitance C| and current /5yp as shown in
Table 2.

Table 2
AP and LFP core configuration

Recording Block C.L(F) Lame (A)
LFP 25p 60 p—14n
AP Ip 220 n

619



W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

“PrRion™
3. Analog Multiplexer VCC Ve
In order to limit the IC lines coming from the recording chan- - N
nels outputs, one needs to utilize the analog multiplexer. In M o | | 1;1| - M I
that way, the # lines may be directed to a single output that is SF2 | : | SFL |
switched among the n multiplexer’s inputs (see Fig. 6). The : |
multiplexer should be equipped with voltage buffers to mini- | —| Mgp : ouT
mize channel kick back noise of the recording and to properly I L ®
steer long routing lines. Ise | i _L
| [ C
| L
AP/LFP | - |
CLK Digital Control INO | h |
—> O MSFOI
(@}
vl R | I
APO o—i > l | GND |
Ly T _1

>
)
[
. SEL1

ouT MUX_OUT

LFPL C>—|>—
. IN1

SELn

LFPn C)—i >— INn

Fig. 6. Block idea of the analog multiplexer applied in the presented
project

During the multiplexer design following aspects were taken
into account:
e area and power constraints,
e voltage swing of the signal, both at the input and output
of the multiplexer,
e sampling frequency of each channel defining the frequen-
cy of the clock controlling the multiplexer.

3.1. Design of the analog multiplexer. Taking into account the
recording channel frequency bandwidth requirements, the sam-
pling frequency of the multiplexer was chosen to be f; = 40 kHz
to avoid aliasing issues. As a result, the switching frequency of
the consecutive n channels of the global multiplexer is n x f,.

Considering the clock frequency of the multiplexer, one
should also keep in mind that the lines conducting the ana-
log signals within the multiplexer may constitute considerable
parasitics (both the capacitance and resistance). This may pose
limits in decreasing both, the area and power of a multiplexer
block.

Having the above in mind, a possible option for voltage
buffer used as a multiplexer’s core is to use a rail-to-rail input/
output trans-impedance amplifier. In that way, the voltage swing
will be high and the output resistance will be sufficiently low
to work with parasitic capacitances that have to be recharged
within a short time. However, this solution cannot be applied
in the following project because of substantial area occupation.
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Fig. 7. Schematic idea of the analog buffer employed in the multiplexer

Therefore, the source follower with the proposed modifica-
tion was introduced as the multiplexer’s buffer (see transistor
Msgp in Fig. 7). It is used as a sampling circuit of signals pro-
vided either by AP or LFP blocks (see Fig. 6). The main reason
for the source follower adaptation is its simplicity and small
area occupation. Its main disadvantages are input/output voltage
swing depending on biasing conditions and /sr current while
working with capacitive loads. Let us analyze the voltage buf-
fer in terms of the abovementioned multiplexer requirements.
One may notice that both the input and output voltage swing
are equal and may be given as:

VINiMAX - VINiM[N = VOUTiMAX - VOUTiMIN = (8)
=Vee = Vosar msk1 = Vas_wmsros

where Vpgar is saturation voltage of the Mgy, based current
source, Vg is gate-source voltage of the Mgy transistor. Both of
these voltages depend on the source follower biasing condition
which is given by the following formula:

’ 21 .. L
Visar wsm = el > )
- HC ox W s

where u is carrier mobility.

Next,
1% _ 20 5 Lysro +V
GS_ MSFO C W TH _MSFO »
HCox™ ysro

where Vy is threshold voltage of the transistor Mgp.
Furthermore, in terms of a fast operation of the source fol-
lower a main limit comes from the drain current of the Mg,
current source. Let us assume that the output DC difference
voltage of the neighboring channels is 1 V. Additionally, let us
consider that due to the off-chip controller requirements, the

(10)
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Fig. 8. Simulation results of the source follower: a) input voltage, b) output voltage for different source follower configurations, c) current of
the Mg transistor, d) current of the Msp transistor

output voltage of the multiplexer has to be set at 0.25 x (2/f;)
before multiplexer switches to the next channel. Considering
40 MHz clock frequency, it is about 40 ns before switching to
the next channel. Supposing the C; is chargedto 1 Vanda 0V
is applied to the input of the source follower, the capacitor is
discharged via low output resistance of the Mgy, transistor (it is
equal to 1/gmsro>, Where gmmsro 1S Mgro trans-conductance). On
the other hand, if the loading capacitance is charged from 0 V
with current /g, then the Mg is cut off until capacitor voltage
becomes high enough to switch Mgp, on. In order to minimize
that time the Igr can be increased or the C; decreased, which is
not the case in this project. Therefore, a source follower voltage
buffer modification is presented. It is based on using an addi-
tional transistor Mgp (see Fig. 7) named a supporting transistor.
Its role is to inject an extra current to increase the speed of the
capacitor charging and in that way to decrease the time with
the Mg, being switched off. As a result, a /gp current may be
decreased while operating with the same loading capacitance.
The important thing is that under normal Mg, working condi-
tion, i.e. while it is conducting current, the gate-source drop-out
voltage of Mg, transistor switches off the supporting transistor.

Simulation results of the proposed modification are pre-
sented in Fig. 8. One can see three different source follow-
er configurations. Based on the post layout simulations, for

Bull. Pol. Ac.: Tech. 64(3) 2016

a given routing lines, their parasitic capacitance Cy is assumed
to be 500 fF. The first solution is a basic construction with
Isp = 3.7 pA. It can be seen that charging phase is too slow to
finish before the next channel readout is started. The second
option is also based on the standard configuration but with two
times higher /g, i.e. equal to 7.4 pA. It can be seen that in this
scenario, the output voltage settling time is acceptable. Finally,
the last option uses a supporting transistor and /gy = 3.7 pA.
As it can be noticed, the capacitors charging phase becomes
twice faster and its speed is equal to standard configuration
with doubled Igp. Figure 8 shows the transients of the currents
of both Mg, and Mgy transistors where additional current in-
jections of Mgp are clearly visible. In that way, both, the area
and power of the voltage buffer are significantly decreased.
For a given project, channel dimensions of the Mgy and Msp
transistors are equal to W/L =20 pum/ 0.24 um and W/L =5
um/ 0.5 um respectively.

4. Measurement results
The described techniques were utilized in the recording chan-

nel being a part of the large IC processed in the CMOS 180nm
technology. The IC consists of 64 recording channels followed

621



www.czasopisma.pan.pl P

N www journals.pan.pl

“PrKion"

by an analog multiplexer. Figure 9 shows the percentage of
a particular block’s area occupation and power consumption.
As it can be seen, the preamplifier is a block that uses large
amount of the available power and area budget.

I AVP AP

I AMP LFP
] PREAMPLIFIER

75.39%

a)

5.76%
88.42%

18.85%

7.37%
4.21%

b)

Fig. 9. The percentage of the area occupation a) and power consump-
tion b) of particular recording channel blocks

The upper cut-off frequency of the LFP stage was mea-
sured (see Fig. 10). As it can be seen there is a considerable
improvement of the frequency controlling range (see Fig. 5
for comparison). Here, the lowest upper cut-off frequency is
improved almost eighty times with no expense on additional
area occupation.

1000 —

100 |

10

Upper Cut-Off Frequency (Hz)

PR I U Y EU I T ST R ST S R

1
0 20 40 60 80 100 120 140

DAC (n)

160 180 200 220 240

Fig. 10. Upper cut-oft frequency vs. DAC for the LFP stage of 64
recording channels.
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A single recording channel has a large functionality thanks
to its input signal division into two paths and extra circuitry
(independent digital control and DACs) responsible for con-
trolling channel’s main parameters (see Fig. 1). The proposed
channel architecture allows to configure a particular channel for
different signal recordings (see Table 1). As for the LFP stage,
its voltage gain can be switched to 130 V/V or 240 V/V while
for the AP stage, it may be set either to 340 V/V or 700 V/V.
The lower cut-off frequency may also be set independently for
a particular channel in the range of 0.1 Hz—700 Hz, while the
upper cut-off frequency of the LFP stage can be controlled in
the 2 Hz—400 Hz.

Additionally, thanks to the correction circuits (see Fig. 1)
one can perform minimization of the main parameters spread.
Figure 11 presents transfer characteristics of the recording chan-
nel before and after correction. The correction was done with
the use of FD REG DAC (see Fig. 1). Results show that the
standard deviation of the lower cut-off frequency was reduced
from 0.32 Hz to 0.022 Hz (about 14 times).

a) 300 LR | T T T T

250

200

Gain (VIV)
g

100

50
”' sl e sl sl " sl el
0.1 1 10 100 1000 10000
freq (Hz)
b) 300 T MR | AR | MR | AL AR |
250

200

Gain (VIV)
g

100

50

1000

0 NETEPETYN EEPEITYTY RN
0.1 1 10 100

freq (Hz)

Fig. 11. Frequency response of the recording channel: a) before,
b) after lower cut-off frequency calibration
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The IRN of the recording channel was also measured at both
channel outputs (see Fig. 12). The bandwidth of the AP stage
was configured to 300 Hz—13 kHz, the voltage gain was set to
340 V/V, which resulted in 4.6 uV of the IRN. The bandwidth
of the LFP stage was configured to 1 Hz-300 Hz, voltage gain
was set to 130 V/V which resulted in 4.7 uV of IRN.

—=— AP
—e—LFP
—— |nstrumentation Noise

PSD [uV/sqrt(Hz)]

-
(=3
o
3

100 1000 10000
f[Hz]

10m

Fig. 12. Power spectrum density measured at LFP and AP outputs

The presented recording channel was compared to other
works [27-30] in terms of its current consumption and area
occupation.

In order to minimize the process influence on the compari-
son (see Eq. 5), only works with similar processes, i.e. CMOS
180 nm were taken into account. It can be seen that the record-
ing channel presented in [28] has one of the best parameters.
Still, the work presented in this paper has larger functionality,
i.e., it allows for individual recording channels parameter set-
ting in a broad range. Additionally, compared to these works,
the presented solution also performs well in terms of power
consumption and area occuppation.

5. Conclusions

The paper presents techniques that were introduced in the de-
sign of multichannel recording circuits dedicated to biomedical
experiments to minimize power consumption and area occupa-
tion. The most important aspect of the recording channel’s path
is to concentrate efforts on preamplifier design as it consumes
a major part of power and area budgets. It was pointed out that
the area, power and chosen CMOS processes have significant
influence on power and area minimization of the recording
channel. The paper also shows limits combined with leakage
currents regarding modern CMOS processes. An example of
minimizing this problem with the use of thick oxide transistors
is presented. Finally, a modification of a simple source follower
based buffer is proposed. Thanks to additional transistor sup-
porting the loading capacitance recharging phase, a reduction of

Bull. Pol. Ac.: Tech. 64(3) 2016
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Fig. 13. Comparative analysis of recording channels in terms of area
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Fig. 14. Comparative analysis of recording channels in terms of current
consumption

area and power was achieved. The proposed techniques adapted
in the IC allowed for successful verification of measurements.
The main IC parameters are very attractive for systems requir-
ing recordings of different biomedical signals.
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