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Abstract— For recording of neural signals from large popula- Pi @
tion of neurons, stringent constraints are imposed on the design
of neural amplifiers. We have designed neural amplifier in FD- [ ] [ ]
SOl technology in order to achieve lower power consumption, gl pitf
smaller area and better noise efficiency factor compared to the

standard bulk processes. A symmetric pseudo resistor was real- —
ized with resistances on the order of 15, enabling a low cut-off [ s
frequency of 0.6 mHz. The designed neural amplifier occupies . |_| -L
area of 0.004mm?, with simulated performance demonstrating Gy %
a noise level of 3.07xV at power consumption level of 6xW. 17 4{ I
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I. INTRODUCTION s
- ¥

The development of a direct neural interface with the VWAH +/ ot
central and/or peripheral nervous system has been a goal cy C,
the neuroscience and biomedical engineering communities fc I I i
many decades. The knowledge gained from neural recording —
one of main requirements to both fundamental research in ho 1 1
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spatial population of somatosensory neurons encode mecha

ical stimuli (which occur during touch, joint movements, and |—| |—|

muscle constrictions) and the engineering feedback-controlle My, pil

functional electrical stimulation (FES) of muscles used in

locomotion for paralysis victims [1], [2]. Fig. 1. Schematic of fully differential neural amplifier in MITLL 0.18n
The most critical block in neural recording system is lowfP-SO! Process.

power low-noise neural amplifier which is in the most front

of the system. There have been considerable research effor,%? ¢ ional blocks of th d be desianed
in design of low-power low-noise neural amplifiers in recer{1)I erent functional blocks of the systems could be designe

years in bulk CMOS processes [3], [4], [5], [6], [7]. Mos-n different ve_rtical tiers, reducin_g significantl_y the overall area
bipolar pseudoresistor element was used to achieve very IGW' d_ecreasmg the effects of mterconne_)cno_ns_. For _example,
cut-off frequency in these design. Ia_rge !nductor needed_for power harvesting in inductive cou-
To achieve lower power consumption, smaller area arpang link could be designed in back RF metal layer and could
better noise efficiency factor, FD-SOI process [9], was used 1%? occupy the whole 2D areg of the Ch"? gn that metal level.
design of the amplifier. FD-SOI process has good properties//e designed low-power, high noise-efficiency-factor (NEF)
of parasitic capacitance reduction due to dielectric reductighgura! recording amplifier having a fully differential structure
smaller leakage current, and high noise immunity from of@ Minimize the effects from digital circuitry and fully sym-
chip digital circuitry [10], [11]. Since the conventional pulkmetric MOS resistor element. Finally, simulation results are
CMOS technology has the serious drawback of high leakaggsented.
current as the transistor feature size is scaled down, design in
bulk CMOS technology would meet an unavoidable problem 1. NEURAL AMPLIFIER DESIGN
in terms of power and noise, which are the most important
metrics for neural amplifier design. As the design of neural Figure 1 shows the schematic of amplifier design. The whole
recording system targets to implement fully implantable chigtructure of the neural amplifier is similar to previous de-
with integrated power harvesting and telemetry, neural arsign [4] so that the midband gait, is set byC; /Cs, and the
plifiers and analog-to-digital converters, integration of suchtendwidth isg,, /Ay CL, whereg,, is the transconductance
system in 3D technology could offer considerable advantage$.the operational transconductance amplifier (OTA).




A. Symmetrical MOS resistor element

The cut-off frequency of DC rejecting high-pass filter has
to be set at very low value, in mHz range, due to frequency
content of the neural signal. To avoid using large off-chip ..
capacitance, large on-chip resistor is needed. Using MO:
transistor operating in subthreshold region of operation as
high-resistive element was first proposed in [8]. In [3], MOS- § e
bipolar devices acting as pseudoresistors are used to creés |
such a high floating resistances of the range frihh'Q to
10'4€). However, the diode-connected PMOS devices give un -
symmetrical resistance. For the negatigs voltage, device
behaves as diode connected PMOS transistor, while for th
positive Vg, it behaves as parasitic p-n-p bipolar transistor. ™
The resistance will depend on the sign of voltage across the
resistor. This causes dependance of the cut-off frequency of i 2. Simulated current-voltage relationship of NMOS elemeWfiy( in
high-pass filter on the input signal and introduces distortion Bifgure 1) for voltage Vb set at 0.2 V.
the output signal. The value of the resistance is not controlled.

In FD-SOI process, MOS transistor operating in subthresh-
old can provide higher resistance than in bulk process and alsn,
a symmetrical one with respect to sign of the voltage acros
it. If the gate voltage is much lower than drain and source
voltage for NMOS transistor, 300 mV lower for minimum size
square transistor, the equivalent circuit represents two bacl
to-back diodes between source and drain. Figure 2 shows tf=
simulated current-voltage characteristic of NMOS transistor z ]
with size of 0.6um x 0.6um, with the gate voltage fixed at 2
0.2 V and voltage across the pseudo-resistor varied from -20 -s|
mV to 200 mV, with the common-mode value set at 750 mV.
The equivalent resistance will be on the order16t°Q for 501
region of almost 200 mV and is not dependent on the gat
voltage. If the gate voltage is reduced further, the transisto = T
will behave as transistor in subthreshold region with the body: Voltage [mV]
effect coefficient being almost equal to one in the bulk-process, ) o )
as the body is not fully depleted until gate voltage is lower tha l'Jr:;' l)S&?%ﬁigecbgeggtvgtgf f'at'onsmp of NMOS elementy( in
source-drain voltage. Figure 3 shows the simulated current-
voltage characteristic of NMOS transistor for this case with the
gate voltage fixed at 0.6 V. The dependence of the equivalent
resistance on the biasing voltag¢ of the NMOS element Resistance for pseudo resistor
(Mp in Figure 1) is shown in Figure 4. 1 ‘ ‘ ‘ ‘ ‘ ‘

To reduce the distortion due to large output signals two
series connected pseudo MOS elements can be used so thatz *°f
the total time constant is set &R ,;C5, where R, refers to
resistance of pseudo MOS element. Therefore, the low cut-off
frequency of neural amplifier is determined by(272 R, C5).
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B. Low-Noise Low-Power OTA design

Since FD-SOI devices offer near-ideal body effect coeffi-
cient of unity (1.6 for bulk CMOS device), it is expected to
have 30-40 percent higher saturation drain current in a FD- b
SOl device than in a bulk device with similar parameters [10].
This makes possible to achieve the same performance at lower o \ \ \ \ \ \ \
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power level. Gate voltage [V]

Figure 5 presents the schematic of operational transconduc-
tance amplifier (OTA) [3]. Basic circuit structure is a currentig. 4. Equivalent resistance of NMOS element as function of gate voltage
mirror OTA with two cascode transistors for each output. Sin¢é)-
there is no noise contribution for adding cascode transistors
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Logarithmic resistance (log10) [Oh




they can be used for increasing OTA gain without affecting Vio Vs Vo
the performance. Also, the output voltage swing is limited M | (4
by the linear range of the high-resistive element, not by the
cascode transistors. The main trade-offs in the OTA desigl
are occurred among noise, power, and stability. If we onlyt'/;,u;o@19
consider the power consumption, the maximum performanc

may be obtained when the value of the transconductance/dra ;- —
current ratio §,,,/1,) is the largest. However, the input referred

thermal noise of OTA is given as Vmﬁ@u
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gmll, ratio and size of transistors should be considered tc
minimize input referred thermal noise contribution. As total =
power consumptlpn ,IS determined by blasmg' current, We haf\-lls 5. Schematic of operational transconductance amplifier used in low
chosen a lower biasing current. From the noise analysis, inpdise amplifier

transistors)M; and M, should be sized with as largd’/L

ratio as possible so that it gives a maximysn/I, ratio. In

the same manner, the noise contribution of transistafs

through to M, can be minimized by choosing smalV/L

ratio or minimizingg,,/I4 ratio. Increasing the length of these —
transistors gives rise to parasitic capacitances, causing seco

pole of OTA to move closer to dominant pole created by load
capacitorC';, and reduces phase margin. This effect is reduce(

in FD-SOI process, since the parasitic capacitance is smalle;am/ )
than in bulk process and larger phase margin is obtainec /2
Further minimizing of noise contribution can be carried out

by sizing transistorsMys and Mg properly so as to make

higher g.,,5/1, ratio thang,,s/I, ratio. Effect of flicker orl/ f

noise is minimized by choosing input pMOS transistors and

by increasing the gate area of transistors in the design. The&i9- 6. Schematic of continuous-time common mode feedback circuit
input transistors\/; and M- are designed as H-gate transistors
with separate source bulk connection to improve the matching
between them at expense of increased area. The sizes of all
transistor in OTA and their respectivg,/I; ratios are given  The circuit was simulated using Cadence SpectreS simulator
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Ill. SIMULATION RESULTS

in Table 1. with BSIMSOI version 3.1 level 11 transistor model. Since
Device | WIL(um) | La(uA) | gl (VD) the designed amplifier gain is 40d3_or 100,.we éﬁt_to
M., 210/0.5 1 34.08 5pF andC, to 50fF. The lower parasitic capacitances in FD-
Ms, 06/96 1 522 SOI process enable use of smaller capacitances in design
M5f; 19.6 1 714 of amplifier, significantly reducing the area of the amplifier.
M7’s 1.6/6 1 4.62 The 9pF capaqitors are used as Ioad_capacﬂf@r, Figure 7. .
M9710 32/0.8 1 1133 presents the simulated transfer function of neural _amplmer.
M1’1 5 | 1.6/08 1 5486 Table 2 §hows the p_erformar?ce summary of the dg&gned neu-
M13714 a/d 5 833 ral amplifier. The gain was simulated as 39.5 dB in passband,

from 0.000635Hz to 7.1kHz. The simulated phase margin was

Table 1:Transistor sizes and their respectiyg,/l, ratios. 78 degree. The low cutoff frequency is 0.000635Hz which is
quite low due to very high resistance of symmetrical resistor.
Since we use only2A as biasing current total supply current
For the implementation of common-mode feedback circuit almost 4.A leading to total power consumption of:8v. The
we have chosen continuous-time circuit shown in Figure 6urrent consumption from biasing circuits are excluded here.
The common-mode output voltage is sefifo /2, 0.75 V. If  Integrated input referred noise was simulated as 30y,
the output common-mode level increases, current/ef and and the noise efficiency factor(NEF) is calculated as 2/§.
Mg will increase and the current aff;¢ 17 will decrease. noise parameters were not available, but we are expecting
This causes increment iy s and makes thélss of thatl/f noise contribution would not increase the noise level
M- g decrease, followed by decrease in common-mode outmignificantly, as shown in [3]. The layout of the amplifier
voltage. occupies area of 0.00m? and is shown in Figure 8.

C. Common mode feedback circuit
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Fig. 7. Simulated transfer function of amplifier. Midband gain is 39.5d

Low frequency rolloff occurs at 0.000635Hz, high frequency rolloff at 7.1kHz.

Phase margin is 78 degrees.

Fig. 8. Layout of the designed neural amplifier.

Parameter Neural Amplifier in SOI
Supply voltage 1.5V

Supply current 4uA

Gain 39.5dB

Phase margin 78 degree

Low frequency cutoff 635uHz

High frequency cutoff 7.1kHz

Input referred noise(V;.,,.s) 3.07

Noise efficiency factor 2.8

Area 0.004mm?

to digital switching in subsequent analog to digital converter,
implemented on the same substrate. FD-SOI technology en-
ables design of neural amplifier with better power and noise
performance than in bulk technologies. This was demonstrated
through design and simulation of a neural amplifier using
symmetrical pseudo resistors in MITLL 0.18m FD-SOI
process. The design is submitted for fabrication.
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Table 2:Performance summary of designed neural amplifier

IV. CONCLUSION

Modern implantable neural recording systems should ac-
commodate thousands of recording channels to be able to
record signals from large populations of neurons. The neural
amplifier, most critical components in the design, should con-
sume less power and area, and also have high noise immunity



