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In this paper, a fully-differential low-power low-noise neural recording amplifier with a novel recycling
telescopic-cascode (RTC) operational transconductance amplifier (OTA) is presented. In the proposed RTC OTA,
the current recycling and cross-coupled transistors with local positive feedback are utilized to significantly
improve the OTA’s parameters like small-signal DC gain and unity-gain bandwidth. The gain enhancement also
improves the linearity in the closed-loop structure. Extensive analytical calculations and simulation results using
TSMC 0.18-um CMOS process are provided to examine the usefulness of the proposed OTA. The simulated neural

recording amplifier achieves 3.55 UV input-referred noise over 1 Hz-10 kHz bandwidth with 3.03 and 1.22
noise efficiency factor for local field potential (LFP) and action potential (AP) bands, respectively. The total
harmonic distortion (THD) is —41.7 dB for a 1 mVy,, 1 kHz sinusoidal input signal. The total power consumption
is 1.70 pW from a single 1.8-V power supply.

1. Introduction

Recent advances in the internet of things (IoT) and the need for more
neural monitoring of some patients with Parkinson’s disease and faint-
ing or changes in brain function caused by anxiety about this moni-
toring, have made the idea of using implantable bio-chips in the body
which are for permanent monitoring, more noticeable for the pro-
fessionals [1,2]. Favorite signals in neural recording are classified into
two action potential (AP) and local field potential (LFP) categories. As
shown in Fig. 1, the frequency range of LFP signals is from 1 Hz to 200
Hz with a maximum amplitude of 1 mV and the APs’ frequency range is
from 200 Hz to 10 kHz with a maximum amplitude of 100 pV [2,3]. The
main challenges in designing implantable neural recording systems are
small silicon area and low power consumption because they increase the
battery life and prevent the loss of living tissues. Besides, low input-
referred noise (IRN), high power supply rejection ratio (PSRR) and
common-mode rejection ratio (CMRR), and considerable input imped-
ance are also needed [4].

To reduce the power consumption, circuit noise, and area, several
techniques have been utilized in previous works. In [5], the source
degeneration technique has been applied to a double recycling folded-
cascode amplifier to reduce the input-referred noise. But it also re-
duces the output swing and voltage gain. In [6-9], chopper amplifiers
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have been used with positive feedback in order to achieve noise re-
quirements and also to compensate low input impedance of chopper
amplifiers. However, these amplifiers require clock and extra circuits
that increase the power consumption and complexity of the amplifier
[10]. The open-loop instrumentation amplifier (IA) in [11] has small
noise efficiency factor (NEF) and large CMRR and PSRR. But open-loop
structures in comparison with closed-loop ones have more sensitivity to
the process, voltage, and temperature (PVT) variations and degraded
linearity. In [12] and [13], the proposed amplifier is single-ended
resulting in low linearity and small CMRR and PSRR. In [14], the
fully-differential amplifier consists of an IA and a programmable gain
amplifier (PGA). Due to the asymmetry in the IA structure, the linearity
of the amplifier is drastically reduced.

Recently, some methods have been suggested to improve the per-
formance of the conventional folded-cascode amplifier. In [15], by
splitting the input transistors and producing a new signal path, the
current-source transistors in the conventional folded-cascode amplifier
are also utilized in the signal amplification path. This improved ampli-
fier, named the recycling folded-cascode amplifier, actually comprises
two parallel conventional folded-cascode and current-mirror opera-
tional transconductance amplifiers (OTAs) and improves both small-
signal and large-signal parameters of the OTA compared to the con-
ventional folded-cascode amplifier. In [16], an improved fully-
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Fig. 1. Frequency range and amplitude of neural signals [2].

differential OTA with a class AB operation is presented which uses the
recycling technique in both NMOS and PMOS current-source transistors
in the traditional folded-cascode OTA. Indeed, by using these tech-
niques, a three-path amplifier consisting of one folded-cascode and two
current-mirror OTAs with a class AB operation is realized which
significantly improves both large-signal and small-signal parameters in
comparison with the conventional and recycling folded-cascode OTAs.
The class AB operation is realized by utilizing a flipped-voltage follower
(FVF) cell in input transistors.

In [17], a super class AB scheme of the recycling folded-cascode OTA
is proposed by utilizing an adaptive biasing circuit for the input differ-
ential pair to provide the dynamic current boosting. Using the recycling
technique and positive-feedback cross-coupled transistors, a single-stage
three-path OTA is presented in [18] to substantially improve the dc
frequency gain, unity-gain bandwidth, and slew rate for switched-
capacitors circuits. The local positive feedback technique has been
also utilized in a non-recycling folded-cascode OTA in [19] to improve
the dc gain. In [20] by using the class-AB input stage which includes the
cross-coupled FVFs and also using a non-linear current recycling output
stage, the unity-gain bandwidth and the maximum output current have
been improved. In [21], the thermal noise is reduced by using trans-
conductance boosting and self-biasing without any extra power con-
sumption. Also, for improved gain and transconductance, multi-stage
amplifiers are used in [22].

In this paper, a low-noise amplifier (LNA) with capacitive feedback is
presented for neural recording applications. An improved fully-
differential recycling telescopic-cascode OTA is proposed to realize the
neural recording amplifier. In comparison with the folded-cascode OTA,
the telescopic-cascode amplifier achieves higher dc gain and unity-gain
bandwidth and lower input-referred noise with lower power consump-
tion. So, the current recycling technique and cross-coupled transistors
with local positive feedback are utilized in the conventional telescopic-
cascode OTA to significantly improve both large-signal and small-signal
characteristics.

The remainder of the article is prepared as follows. In Section 2, the
overall architecture of the neural recording amplifier and its important
specifications are presented. The structure and analysis of the proposed
recycling fully-differential telescopic-cascode OTA are presented in
Section 3 along with a detailed comparison with the conventional
telescopic-cascode OTA. The circuit level simulation results are pre-
sented in Section 4 and Section 5 concludes the paper.

2. Neural recording amplifier structure

The architecture of the neural recording amplifier employing
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Fig. 2. Capacitive feedback neural recording amplifier.
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Fig. 3. Electrical model of electrodes [24].

capacitive feedback is illustrated in Fig. 2 [23]. Transistors Mp;-Mp4 are
utilized to realize a pseudo resistor named Ry whose value is about
several hundreds of GQ [5]. In this section, the main specifications of the
LNA are briefly reviewed such as the transfer function, input-referred
noise, and input impedance.

2.1. Transfer function

The relationship between the output and input voltages in Fig. 2 is
given by [23]:

1—s (C—> 1—-=

V)/A C 'm (08
() = o x - = Ay : &
Vin C2 (1 + .xR31C2> <1 + S(C;:,?Z) (1 + M%L) (1 + m,iH>

According to relation (1), the low cutoff frequency (f1) is set by Ry
and Cy, and the mid-band gain is determined by C/Cj ratio. Finally, the
high cutoff frequency (fy) is the ratio of OTA unity gain frequency and
mid-band gain. Also, there is a right-half-plane zero (f,), but by using the
appropriate value of capacitors and OTA transconductance, this zero can
be large enough to have little effect on the amplifier performance. For
this purpose, the value of capacitors should be selected as [23]:

C, << +/C,C, 2

2.2. Input impedance

By considering the Miller effect of capacitor Co, the differential input
impedance of the neural recording amplifier is obtained as:

= (1 7Adc)c2 >> Cinycl = Zinpw ~

1 1
Z[n/ml =2 <7 +
joC,  jo(l —Au)C
1 ac)C2 3)

JoC,

where Cj, is the amplifier input parasitic capacitance. Relation (3) in-
dicates that with high gain and small amplifier input parasitic capacitor,
the input impedance at the mid-band frequencies is only dependent on
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Fig. 4. Proposed single-stage

C;. For the proposed application that we need power efficiency, certain
mid-band gain, and low cutoff frequency, the input impedance must be
extremely greater than the electrode impedance. Fig. 3 illustrates the
typical electrical model of the electrodes [24]. For example, in 10 kHz
input signal frequency, the impedance of the electrode is about 12.4 kQ.
Thus, the amplifier input impedance must be >236 kQ at 10 kHz so that
the voltage drop across the electrode is less than 5% of the input signal.
Therefore, we are to use an input capacitor with an amount lower than
70 pF. Also, it is necessary for the amplifier to have extremely high input
impedance at DC in order to avoid damaging the living tissues. This is
achieved by using the capacitive feedback amplifier.

2.3. Input-referred noise

In the neural recording amplifier shown in Fig. 2, the main noise
sources are the input-referred noise of the OTA and the thermal noise of
the pseudo resistors. So, the input-referred noise (IRN) of the neural
amplifier shown in Fig. 2 is given by [10]:

(GGG o
Vl%i,Amp = (?) (Vl%i,O’l'A + V;?RZ) (4)

where Vp; ota is the OTA’s IRN and Vygo is the noise of the pseudo re-
sistors which can be negligible [23].

According to relation (4), the ratio of C; and C; capacitors has a large
effect on LNA input-referred noise. Therefore, the LNA needs to have
relatively large input capacitors. But this issue reduces the input
impedance, although it results in large closed-loop gain. Another
important point that should be considered is the amount of background
noise raised by the electrodes which is about 10 Vs [2]. So, the total
input-referred noise of the neural recording amplifier should be lower
than this amount.

Ms
k

recycling telescopic-cascode OTA.
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Fig. 5. Traditional telescopic-cascode OTA.

3. Proposed recycling telescopic-cascode OTA

In this section, the structure of the proposed recycling telescopic-
cascode OTA is described. Then the analysis of OTA characteristics is
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Fig. 6. Biasing circuit of the proposed recycling telescopic-cascode OTA.

presented. Finally, a careful comparison between the conventional
telescopic-cascode OTA and the proposed one is provided.

3.1. Proposed OTA architecture

Fig. 4 depicts the structure of the proposed recycling telescopic-
cascode OTA. The transistors M;-Mg are corresponding transistors in
the traditional telescopic OTA which is also shown in Fig. 5 [25]. The
input transistors are chosen PMOS rather than NMOS due to lower
flicker noise [18], and they are divided into M3, My,, M and Ms, in
order to realize the current recycling technique and also to reduce the
bias current of output transistors, and hence, enhance the output resis-
tance. Transistors My, My,, Mg and Mg, are divided to make a two-path
amplifier. Ms, and Mg, transistors are used to form the wide-swing
cascode current mirrors to improve the matching in active current
mirrors. Transistors Msy, Mep, M7p, and Mgy, are used in a cross-coupled
structure instead of the current mirror scheme in order to build a local
positive feedback circuit at the gates of M and Mg transistors [18]. Also,
the current mirror ratios are denoted by k and m in Fig. 4.

The common-mode (CM) voltage of output nodes cannot be defined
by using a single tail current source at the source of input transistors
since in this case, the gain of the common-mode feedback (CMFB) loop
will be almost zero owing to having two separate CMFB paths with
similar gains but opposite sign. Therefore, two separate tail current
sources are employed at the source of input transistors in order to define
the CM voltage at the output nodes through the negative CMFB loop
which is realized by the main telescopic amplifier. M1¢ and M7; similar
transistors are used at the source of Mg tail current source to implement
the CMFB circuit. Transistors My and Mj; are biased in deep triode
region resulting in a resistance at the source of Mg transistor which is
equal to:

RP = RonlOHRmzll
_ 1 5)
H#yCor(W/L) 1011 (2Von = Vours = Vou— — 2|[Vaon|)

where y;, is the mobility of holes, Coy is the oxide capacitance per unit
area, and (W/L)1011 and |Vrmio,11| are the aspect ratio and threshold
voltage of My and M transistors. The operation of the CMFB circuit is
as follows. When the CM voltage of output nodes is increased, the
equivalent on-resistance of My and M;; transistors is also increased
resulting in more voltage drop across these transistors. Therefore, the
bias current of Mg tail current source is decreased. On the other hand,
the bias current of M5-Mg transistors is defined by Mg, tail current source

and the aspect ratio of current mirror transistors which is almost con-
stant during the common-mode operation. Hence, the drain current of
M3 and M, transistors becomes less than that of Ms and Mg transistors.
Therefore, the CM voltage of output nodes should be reduced due to the
channel length modulation effect of MOS transistors in order to satisfy
the current Kirchhoff’s law at the output nodes. So, there is a negative
CMEFB loop to define the output CM voltages. A similar phenomenon is
happened when the CM voltage of output nodes becomes less than the
desired value of V¢y,. During the differential signal amplification, Rp is
constant and the CM voltage at the output nodes is not changed.

The biasing voltages V}1-Vp4 and input CM voltage are provided by a
constant current biasing circuit with an ideal current source (I;,) which is
shown in Fig. 6 where Vp, is the intended output CM voltage which is
usually set to Vpp/2. Wide-swing cascode current mirrors are used to
improve the matching between biasing and main transistors without the
swing reduction at the output of the main OTA. To reduce the sensitivity
of the output CM voltage to the device parameters and the value of Vi1,
the drain current of transistor Mg tracks the constant bias current of Mp12
transistor and Vemo. S0, by neglecting the channel length modulation
and considering [(W/L)1op + (W/L)111/(W/L)p13 = Ipo/Ipp13, Ing be-
comes equal to (W/L)o/(W/L)p12Ip,p12 only if the output CM voltage is
Vemo- Therefore, the output CM voltage is set to Vepo without needing
any resistors to sense the CM level of the output nodes.

To reduce the power consumption and input-referred noise, the
transconductance and channel width and length of the input transistors
is maximized making the input transistors to be biased in the sub-
threshold region. By this technique, the mismatch between the input
transistors is also reduced and common-mode parameters such as CMRR
and PSRR are improved and the input-referred offset voltage is reduced.

By doing a simple DC analysis, the following relation between the
current mirror ratios is obtained indicating that k and m are dependent
on each other.

1
It = Ipy = k[ —— )ipa
bt (l+m> P s k=mt (6)

ID] = lDla

In the following, a detailed small-signal and noise analysis of the
proposed OTA is provided.
3.2. Small-signal DC gain and transconductance

The small-signal transconductance (Gy,) of the proposed RTC OTA is
examined by finding the ratio between differential output short-circuit
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current and the input signal, as in the following equations.
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which results in:

G rrc = (L> 8m1 ®

1—m

where gn1 is the small-signal transconductance of the transistor M;j.
Therefore, the DC gain of the proposed OTA is given by:

Ad(‘,RTC = /mRTCRom

2

~ (17>ng X (@maTas3Tast ||8msTassast)
—m

©)]

where rgg is the small-signal drain-source resistance of the correspond-
ing transistors. Assuming a dominant pole at the output node, the unity-
gain bandwidth of the proposed RCT OTA is given by:

Gr1c 2 8m1
~ ~ 10
@ rrc = c C, (10)

3.3. Frequency response

Firstly, we need to calculate the transfer function of RTC OTA. Ac-
cording to Fig. 4, only four nodes, X, Y;, Y5 and output, have been
considered in the signal paths. By assuming that Y; and Y, poles are
equal, neglecting other nodes, and assigning a pole to each node in the
signal path, we have:

A1 AZ
(& /o) (L 5/@,) (Lt s/ay) (1 + /@)1 1 5/0m)
(1 -+ 5/.)

A, (s) =

= Ay 11
“U+s/o)(1 +5/wy) (14 5/Oou) an
where
14+m
A = gmBous;, Ay = (m) gmiRowss Ade = A1 + Ay
1 2 a2
8&m1 8&m3 8m7
out = 5~ x = 1 - ) ) = 5 z =
Pous RouCL o= (1=m) Cx » Cy @ Cx

where Cy, Cx and Cy are the equivalent capacitance at the output, X and
Y nodes, respectively. So the proposed RTC OTA has three poles and one
zero at the left half-plane. It is clear that by increasing m, the second pole
(wy) is decreased resulting in degraded stability. So, there is a compro-
mise between stability and unity-gain bandwidth and DC gain. So, in this
paper, m = 1/3 and k = 4/3 are considered. Another way to improve the
stability is to increase g7, which brings the second pole to a higher
frequency.

3.4. Noise analysis

In the noise analysis, input transistors (M1, My,, M2 and Ms,) and
current mirror transistors (My, My,, M7, Mg, Mg, and Mgp) have the
most contribution, and the effects of other transistors can be ignored.
The OTA input-referred noise has two thermal and flicker noise terms.
The input-referred thermal noise power spectral density (PSD) of the
proposed RTC OTA is obtained as:
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where T is the absolute temperature, k is the Boltzmann’s constant, y is
the excess noise factor, and gp; is the small-signal transconductance of
the corresponding transistor. Also, the input-referred PSD due to the
flicker noise contribution in the proposed OTA is given by:

K -
5 e L
TR AN
2 14)
+£ gm7(1 oo (WL), (WL),
" m) 1+
2 (WL & W (W

where Kgy and Kpp are the process dependent flicker noise parameters
for NMOS and PMOS transistors, respectively. Cox is the gate oxide
capacitor per unit area. Since the transistors are biased in the sub-
threshold region, the gy1/gm7 ratio is as follows:

s

Smt D zlﬂzl (15)

7
g  #

where V7 is the thermal voltage that is approximately equal to 26.7 mV
at the absolute temperature of 310 K (37°Celsius which is the normal
body temperature) and ¢ is a non-ideality factor. Considering relations
(13-15), the PSD of total input-referred noise of the proposed RTC OTA
is obtained as follows:

24T
Vsz’.RTC = ! (sz —6m + 5)
ml
Kpp )
S — 1
+2C,,X(WL),f(m +1) (16)
Ky ) L kL2
S — - l+kZL4+- 2
Tac. oyt ™ ( e,

3.5. Comparison with conventional Telescopic-Cascode OTA

In this sub-section, the proposed RTC OTA is compared with the
traditional one. To make the comparison more tangible, m = 1/3 and k
= 4/3 are considered. Also, for a fair comparison, the same aspect ratio
in input transistors and total current consumption are used. So, the
following relationship is established.

1
8ml RTC = Egml.TC a7

Firstly, the relation between small-signal transconductance of OTAs
is determined as follows:

Gurc = &mi1C (18)
G rrc 1

— = =1. 1
Gore 113 12 (19)

where G rrc and Gy tc are the total transconductance of the proposed
and traditional OTAs, respectively.

By assuming the same intrinsic gain (gmirdsi) for corresponding
transistors in the proposed OTA and traditional one, the dc gain relation
is equal to:

Ade G, Ry 1
ackrc _ Gurre  Rowrrc ( ) 23 (20)
Agerc Gure  Rourc l—m

Nonetheless, the phase margin is degraded because the proposed
OTA has more non-dominant poles. Besides, we have increased the
channel length of the transistors in order to reduce the flicker noise
making the second pole to be smaller and resulting in more degraded
phase margin.

The PSD of total input-referred noise of the traditional telescopic-
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Table 1
Aspect ratio of transistors in the simulated OTAs.

Parameter  Proposed Recycling Telescopic- Conventional Telescopic-
Cascode OTA Cascode OTA
(W/L)12 20 x 30.0 pm/0.5 pm 40 x 30.0 pm/0.5 pm
(W/L)ia2a 20 x 30.0 pm/0.5 pm —
(W/L)3,4 10 x 20.0 pm/2.0 pm 20 x 20.0 pm/2.0 pm
(W/L)3a4a 10 x 20.0 pm/2.0 pm —
(W/L)s 6 1 x 20.0 pm/2.0 pm 2 x 20.0 pm/2.0 pm
(W/L)sa,6a 1 x 15.0 pm/2.0 pm —
w/ 1 x 5.0 pm/2.0 pm —
L)sb,eb
(W/L)7,s 1 x 60.0 pm/10.0 pm 2 % 60.0 pm/10.0 pm
(W/L)7a,8a 1 x 45.0 pm/10.0 pm —
w/ 1 x 15.0 pm/10.0 pm —
L)7b,8b
(W/L)o 1 x 1.0 pm/0.5 pm 1 x 2.0 pm/0.5 pm
(W/L)oa 1 x 1.0 pm/0.5 pm —_
w/ 1 x 1.7 pm/0.5 pm 1 x 3.0 pm/0.5 pm
L)10,11

cascode (TC) OTA is calculated as:

2
<1+ )+2 <1+ (g"’7> ) (21)
8&m1

where the first term is the thermal noise contribution and the second one
is the flicker noise contribution. According to the relation (15), it is

simplified as follows:
(1 4 Ko W‘L‘>

Krp Wil
Finally, the relation between the thermal noise PSD of the proposed
and conventional TC OTAs is obtained as the following:

Krp
CoWiL\f

Koy Wil
Krp W7Ly

8m1
8m1

2Krp
CoWiL\f

16kTy
8&m1

2 —
ni,TC. —

(22)

Vr%i,th‘RTC (23)

(m3 +2m? —4m+2+m_l) =0.98

FN

2
Vm’.lh.'l'C

This shows approximately no thermal noise reduction. About the
flicker noise PSD of the input transistors, the relation is achieved as:
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Also, the flicker noise PSD ratio of the current mirror transistors is
given by:

Vi kica i 1 (

2
Vit If

lfm)2(3+m+%> =14 (25)

According to relations (24) and (25), in comparison with the con-
ventional TC OTA, the input-referred flicker noise of input transistors is
reduced while that of the current mirror transistors is increased in the
proposed OTA. Therefore, the overall input-referred flicker noise de-
pends on the contribution ratio of input and current mirror transistors.

4. Circuit-level simulation results

In this section, firstly, the relations obtained in Section 3 are verified
by simulating both of the proposed RCT OTA and traditional TC OTA in
HSPICE using TSMC 0.18-um CMOS process. Then, the simulation re-
sults of neural recording amplifier using the proposed RTC OTA are
presented. Due to the amplifier application, all of the simulations are
done in body temperature (37 °C).

4.1. Proposed RTC and TC OTA comparison

The operational transconductance amplifiers shown in Fig. 4 and
Fig. 5 were designed for low-power applications with a 1.8 V power
supply. The simulated transistor sizes of the main amplifiers are
mentioned in Table 1. It is worth mentioning that a similar biasing
circuit shown in Fig. 6 is utilized in the conventional TC OTA. The
channel length of transistors is chosen large enough to achieve low
input-referred flicker noise. As motioned already, the transistors are
biased in the sub-threshold region to maximize the amplifier
transconductance.

The open-loop voltage gain frequency response is illustrated in Fig. 7
indicating that DC gain in the proposed RTC and TC OTAs is about 103.2
and 93.4 dB, respectively. Hence, the DC gain of the proposed OTA is
about 9.8 dB larger than the conventional telescopic-cascode OTA. The
simulated phase margin of the proposed RTC OTA and conventional TC
OTA are 35.1° and 57.3°, respectively. As mentioned before, the phase

V2, a1+ m? margin of the proposed OTA is smaller than that of the conventional TC
W: T T 0.56 24 OTA because it has more non-dominant poles and zeros. In addition, the
miLTC1f second pole in the proposed OTA is smaller owing to using large tran-
sistors to reduce the input-referred flicker noise. Nonetheless, in the
110 = 150
100 F m— RTC gain (TT,VDD)
90 ;...........-....-----..,..... .....TCgain(TT,VDD) 1100
C .
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Fig. 7. Open-loop frequency response of the proposed RTC and conventional TC OTAs in typical conditions.
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Fig. 8. Closed-loop transient response of the proposed and conventional OTAs with 0.01 feedback factor in different process corners and Vpp variations.
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Fig. 9. Input-referred noise PSD of conventional TC and proposed RTC OTAs.
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Fig. 10. Output PSD with a sinusoidal input signal with 1 kHz, 20 mVy,, in the
(a) proposed RTC and (b) traditional TC OTAs.

simulated neural recording amplifier, the feedback factor is 0.01 to
achieve a 40 dB closed-loop voltage gain. Therefore, there is any
instability issue with such simulated open-loop phase margins. Actually,
the closed-loop phase margin with a 0.01 feedback factor is about 86.8°
and 89.7° for the RTC and TC OTAs, respectively.

Table 2
Simulation results summary of the proposed RTC and conventional TC OTAs
across process and voltage variations.

Parameter Proposed RTC OTA Conventional TC OTA
TT FF SS TT FF SS
@ Vpp @1.1 @ 0.9 @ Vpp @1.1 @ 0.9
VDD VDD VDD VDD

Power 1.674 1.687 1.683 1.686 1.639 1.626
consumption uw uWw uW uw uw uWw

DC gain 103.2 98.5 102.8 93.4 88.7 90.2

dB dB dB dB dB dB

Gain x 1.044 1.108 1.026 0.62 0.641 0.604
Bandwidth MHz MHz MHz MHz MHz MHz
@ frequency
< 20 kHz

Phase margin 35.1° 33.7° 36.5 57.3° 53.8° 60.1°

THD @ (10 —43.5 —42.6 —44.5 —42.3 —41.2 —42.2
mV,,,1 kHz dB dB dB dB dB dB
input)

Input-referred 3.77 4.37 3.92 3.56 4.17 3.75
noise (0.1 — UWims UWems “Vims HVims UWVrms HVims
20 kHz)

FoM* (kHz x 1559.1 1642.0 1524.1 917.9 977.7 928.7
PF/uW)

Power supply 1.8V
voltage

Load capacitor 2.5 pF

Technology 0.18 ym 1P6M TSMC

* FoM = GBW x C/Power.

The transient simulation is done in a capacitive feedback configu-
ration. The input and feedback capacitors are 50 pF and 0.5 pF,
respectively, to have a 40 dB closed-loop gain. An input step of 5 mV
differential height was applied and the output voltage is shown in Fig. 8.
As it is obvious from Fig. 8, in the intended application, the proposed
RTC OTA has no instability issue and it is faster than TC OTA.

The simulated input-referred noise PSD of both OTAs is shown in
Fig. 9. The achieved input-referred noise in the RTC and TC OTAs is
about 3.77 pVyps and 3.56 pV s, respectively. It is obvious that changes
in OTA noises are not noticeable. The main contributors to the total
integrated noise in the proposed RTC OTA are input transistors and My,
Mg, M7,, Mg,, M7, Mgy, transistors since their source terminal is not
degenerated. For total harmonic distortion (THD) calculation, a sinu-
soidal input signal with 1 kHz frequency and 10 mV,, amplitude has been
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applied to the simulated OTAs in a closed-loop structure with a feedback
factor equal to 0.01. The resulted output spectrums are illustrated in
Fig. 10. The THD in the proposed RTC OTA is —43.5 dB and in TC OTA, it
is —42.3 dB.

To provide a clear view, the simulation results of both OTAs are
summarized in Table 2. As it is seen, analytical calculations could pre-
dict the characteristics of the proposed amplifier as well. However, the
unity-gain bandwidth is not predicted very well since the size of current
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parasitic capacitance and resistance at node X. Hence, the second pole is
moved to lower frequencies making the unity-gain bandwidth of the
proposed OTA to be smaller than that of the traditional TC OTA. But, if
the proposed OTA is designed for a typical application without flicker
noise concern, it is easy to achieve a larger unity-gain bandwidth
compared to the conventional TC OTA as well.

4.2. Neural recording amplifier

The proposed neural recording amplifier depicted in Fig. 2 is
designed and simulated with C;, = 2 pF, C; = 50 pF and Cz = 0.5 pF to
achieve a 40 dB closed-loop gain within 1 Hz to 10 kHz bandwidth. The
capacitors are implemented by metal-insulator-metal (MIM) capacitors.
The proposed OTA which has been designed in the previous sub-section
is used as the core of the neural recording amplifier.

The frequency response of LNA in different process corners and
power supply variations is depicted in Fig. 11. The mid-band gain is
about 39.92 dB in the frequency band of 0.41 Hz-10.3 kHz which covers
the frequency range of both neural LFP and AP signals as well. The low
cut-off frequency shift across the process and voltage variations is the
result of capacitors and pseudo resistors changes. According to the
simulation results, the feedback capacitor variation range is from 439 fF
in FF process corner to 595 fF in SS process corner. The feedback resistor
variation range is from 1.1 TQ in FF process condition to 12 TQ in SS
process condition. So, the dominant effect on the low cut-off frequency
change belongs to the feedback resistor variation.

The simulated input-referred noise PSD in process corners and power
supply variations is depicted in Fig. 12. The integrated input-referred
noise of the LNA is 1.18 pVyys in 1 Hz to 200 Hz bandwidth (LFP fre-
quency band) and it is 3.34 pVy, for AP frequency band (200 Hz-10
kHz). The noise efficiency factor (NEF) is a criterion for the noise-to-
power trade-off which is defined as [26]:

(26)

2o
NEF = Vi yms
’ \/ﬂ X Vr x 4kT x BW

where Vyj s is the input-referred noise, Iy is the total current including
the bias circuit, BW is the LNA bandwidth, T is the absolute temperature,
and k is the Boltzmann’s constant. The achieved NEF for the proposed
LNA is 3.03 and 1.22 in LFP and AP frequency bands, respectively.
Another benchmark for noise efficiency is the power efficiency factor
(PEF) which considers the supply voltage in addition to the total current
which is defined by [27]:

_ 2
mirror transistors is large and carries small current that results in large PEF = NEF" % Vop @7
100 100
N= 1000 N= 1000
u=73.3dB u=68.6 dB
80 & 0=12.0dB 80 o=11.2dB

# of bins

40 50 60 70 80 90
PSRR (dB)

60

40

20

0
40 50 60 70 80 90 100

CMRR (dB)

Fig. 13. Statistics distribution of CMRR and PSRR in Monte Carlo simulations with 1000 runs.
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Fig. 16. THD of the LNA for a 1 mVy,,,1 kHz sinusoidal input signal.

The achieved PEF for the proposed LNA in LFP and AP frequency
ranges is about 16.58 and 2.69, respectively.

Fig. 13 shows the Monte Carlo simulation results of CMRR and PSRR
at 50 Hz frequency with 1000 runs where both device mismatches and
process variations have been considered according to Monte Carlo
models of device components in the utilized 180 nm TSMC CMOS pro-
cess. The achieved LNA CMRR and PSRR at 50 Hz frequency are 68.6 dB
and 73.3 dB, respectively. In Fig. 14, the mean value of CMRR and PSRR
in Monte Carlo simulation results has been illustrated versus the input
signal frequency. To understand the limiting factor, an extra simulation
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Fig. 17. The LNA input impedance versus frequency in power supply voltage
variations and process corner cases.

Table 3
The LNA simulation results in different process corners and Vpp variations.
Parameter TT @ Vpp = FF @ Vpp = SS@Vpp=1.6
1.8V 20V v
Power consumption (uW) 1.70 1.69 1.75
Mid-band gain (dB) 39.92 39.86 39.96
Bandwidth (Hz) 0.41-10.3 k 2.1-11.3k 0.14-10.2 k
IRN (uVims @ 1 Hz-10 3.55 3.90 3.39
kHz)
NEF 1.28 1.36 1.30
PEF 2.97 3.69 2.70
Input impedance (MQ) @ 117.4 138.1 102.1
50 Hz
Technology 1P6M TSMC 0.18 ym CMOS

for CMRR has been done and the CMRR frequency response has been
plotted in typical conditions and also by considering only device mis-
matches and both device mismatches and process variations in Fig. 15.
As it is seen, the effect of device mismatches is dominant.

The THD is measured in a Monte Carlo simulation with 100 runs
when the input signal is 1 mVp, and 1 kHz sinusoidal and both device
mismatches and process variations have been considered. The PSD of the
average output signal is shown in Fig. 16. At these conditions, the
achieved THD of the proposed LNA is — 41.7 dB. Fig. 17 illustrates the
simulated input impedance of LNA in different process corners and
variations of the power supply voltage. The input impedance in typical
conditions is 117.4 MQ at 50 Hz.

A summary of the simulation results in power supply variations and
different process corner cases is provided in Table 3. According to
Table 3, the performance of the proposed neural recording amplifier is
almost robust in process and power supply voltage variations. In Table 4,
the proposed neural recording amplifier is compared with several recent
similar works. According to Table 4, the performance of the proposed
neural recording amplifier can be compared with the best reported
similar works in current literature. This work has a good NEF in com-
parison with others which shows its merit in noise performance. Also,
the ratio between bandwidth and power shows that it is one of the best
works in power efficiency. Besides, others specifications such as CMRR,
PSRR, and the input impedance are good enough for an implantable
neural recording application.

5. Conclusion

In this paper, a low-power amplifier with a capacitive feedback
structure is presented for neural recording systems. By using the local
positive feedback network in the proposed recycling telescopic-cascode
OTA, the open-loop gain and closed-loop linearity are enhanced without
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Table 4
Performance comparison of the proposed neural recording amplifier with several recent similar works with BW > 5 kHz.

Ref. JSSC’17 ISCAS’17 JSSC’17 [8] AEUE’18 AICSP’18 AICSP’18 JSSC’18 SSCL’19 JSSC’19 [7] AICSP’19 AICSP’20 CSSP’22 [9] MEJ’22 [29] This Work
[2] [11] [4] [12] [13] [28] [6] [10] [5]

Process 40 nm 0.18 ym 40 nm 65 nm 65 nm 0.18 ym 0.18 um 0.18 ym 0.18 um 0.18 ym 0.18 um 0.18 ym 0.18 ym 0.18 um

Vpp (V) 1.2 1.8 1.2 1 1 1.8 0.9 1.2 1.8 0.6 1.8 1.8 1 1.8

Power (uW) 2 32.7 2.8 1.12 0.6 4.07 0.23 2.6 3.24 0.72 1.53 3.64 3.6 1.70

Signals AP + LFP AP + LFP AP + LFP AP + LFP AP AP + LFP AP + AP + LFP AP + LFP AP + LFP AP + LFP AP + LFP AP + LFP AP + LFP

LFP

Mid-band gain 26 30-40 25.7 40 30 39.75 25.4 41-59 40 39.2 40.02 26.04 45-55 39.92
(dB)

Bandwidth 0.2-5k 0.05-11 k 0.01-10 k 0.66-5 k 220-17 k 0.3-4.4 k 4-10 k 0.5-5k 0.35-5.4 k 0.12-5k 5.69-5.45 0.1-5.1 k 0.8-8.2 k 0.41-10.3 k
(Hz) k

Input-referred LFP. 2 1.34 LFP. 1.8 8.1 7.81@ 3.19 6.7 LFP. 2.0 LFP. 0.65 4.98 3.27 LFP. 0.63 2.1 LFP. 1.18
noise (UVyms) AP.7 AP.5.3 (1-5k) (10-1 M) AP. 3.2 AP. 2.14 AP. 2.86 AP. 3.34

Hz

NEF LFP. 7 1.92 LFP. 7.4 4.62 N/A 2.78 1.26 LFP. 9.9 LFP. 2.37 2.13 1.58 LFP. 2.5 1.7 LFP. 3.03
AP. 4.9 AP. 4.4 AP. 3.2 AP. 1.56 AP. 2.3 AP. 1.22

PEF LFP. 58.8 6.63 LFP. 65.7 21.34 N/A 13.9 1.43 N/A LFP. 11.1 2.71 4.5 LFP. 11.25 2.89 LFP. 16.58
AP. 28.8 AP. 23.2 AP. 4.38 AP. 9.52 AP. 2.69

CMRR (dB) N/A 84 78 124 65 76 82 70 >100 77 66.55 104.3 98.28 68.6

@50 Hz @50 Hz @50 Hz @50 Hz

PSRR (dB) N/A 87 76 88 N/A 77.6 81 N/A >70 >60 54.99 N/A 92.48 73.3

@50 Hz @50 Hz @50 Hz

Input 300 M N/A 1.6 G N/A N/A N/A N/A 3G 440 M N/A N/A 1.8G N/A 117.4 M

impedance @DC @DC @DC @10 Hz @50 Hz
@

THD —74 dB N/A —76 dB N/A IM3 = -63 —40 dB N/A —35.6 dB —61 dB —75dB —40 dB —71.9 dB @40 —46.3 dB —41.7 dB @1
@40 @80 mV,,, 1 dB@ @14.9 @l mV,, @5mVyl @lmVy,1 @12V, mV,,, 1 kHz @1 mV,,,1 kHz
mVp, kHz input 9.5 mVp, input ,1 kHz kHz input kHz input output input mVp,,1kHz input
,1 kHz and10.5) input input
input kHz

Meas./Sim. Meas. Meas. Meas. Sim. Sim. Meas. Meas. Meas. Meas. Sim. Sim. Sim. Sim. Sim.
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any additional power consumption compared to the conventional TC
OTA. The proposed OTA has been designed for a neural amplifier. The
simulation results in 0.18-um CMOS show the GBW in the proposed OTA
is increased by about 60% in comparison with the conventional TC OTA
with the same power consumption. Besides, it improves DC gain by 3.1
times. In addition, the neural amplifier has a NEF equal to 3.03 and 1.22
for LFP and AP signals, respectively, which is among the best reported
works for neural recording amplifiers.
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