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ABSTRACT A simple yet effective approach to improve the linearity of the transconductor-capacitor (Gn—C) filters is
proposed without any area or power overhead. Following a generalized nodal analysis, the transconductors of classical filter
topology are rewired such that their input differential voltage lies within the linear regime. The effectiveness of the proposed
method is validated through the design and simulation of a fifth-order Butterworth low-pass filter (LPF) in a standard 65-nm
CMOS process. The proposed filter implementation occupies 0.0164 mm? (0.003 mm?/pole) die area and consumes 167-pW
for the cut-off frequency of 1-MHz. Operating at 1-V voltage supply, it shows an in-band total harmonic distortion (THD) of
—49.14 dB for 200-mV peak-to-peak 1MHz differential voltage. An in-band 3rd-order intercept point (11P3) of 9.36 dBm is
also achieved with an in-band spurious-free-dynamic range (SFDR) greater than 53-dB, all of which reflect meaningful
improvements relative to the classical architecture and despite the modest linearity performance of the internal G, stages.

INDEX TERMS Analog filter, Butterworth approximation, complementary metal—oxide—semiconductor
(CMOS), continuous-time, Gn—C, linearity, low-pass filter, low-power, operational transconductance

amplifier (OTA), and signal flow graph (SFG).

I. INTRODUCTION

Analog filters having a cut-off frequency from a few Hz
to several GHz are one of the basic building blocks found
in video signal processors, biomedical implants, read/write
channels for hard-disk drives, ultra-wideband (UWB)
communication transceivers and wireless Bluetooth and
Zigbee networks [1]-[10]. Complementary-metal-oxide-
semiconductor (CMOS) is the major technology to
integrate the analog filters along with the digital sub-
modules for such applications [11]-[14]. Power
management is inevitably applied to different blocks of an
integrated circuit (IC) for different purposes, the most
important of which is to minimize battery size and to
maximize the battery lifetime for mobile applications. In
the case of filter design at minimum consuming power,
stringent frequency response specifications are primarily
required to meet the typical requirements of upcoming
applications, complicating the implementation procedures
in the nano-scale CMOS technologies which rely on a
single supply voltage (Vop) of 1-V or below. Specifically,
nano-scale transistors suffer from linearity issues and
reduced intrinsic gain, and achieving sufficient dynamic
range (DR) and linearity performance is quite challenging
in recent technologies.

Continuous-time (CT) analog filters do not suffer from
the switching noise sources such as clock leakage and clock
feedthrough similar to the case of discrete-time (DT) filters
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[15], [16]. No switching power is also wasting by the
parasitic and load capacitors of the former [17]. Among the
different choices for realizing a high-order CT filter,
operational transconductance amplifier—capacitor (OTA-C
or Gp,—C) architecture is well-suited for the low-power and
very low- to high-frequency applications [18]-[21]. It is
comprised of capacitors and transconductors [22], both of
which can be realized efficiently in CMOS technology.
Gn—C integrators are composed of Gy, stages in an open-
loop formation, so their frequency response will not be
compromised by the dominant poles of a frequency
compensation network inserted for the stability of feedback
amplifiers [23]-[27]. The bandwidth of a G,—C filter can
be tuned much more readily than their inductance-capacitor
(LC) or active resistance-capacitor (RC) counterparts [28],
[29], for the inductors and resistors cannot be realized
efficiently in CMQOS technology (with high quality factor
and/or high accuracy). The bandwidth of the G,—C filters
is also higher than the active-RC filters [8], which is surely
at the cost of inferior linearity performance in the absence
of feedback amplifiers [30], [31]. The linearity problem of
the Gn—C filters is aggravating in the recent technologies,
where aggressive scaling of the geometric sizes as well as
the reduction of the voltage supply is accomplished by
sacrificing the most important linearity metrics. Many
techniques have been proposed to improve the linearity of
Gn—C filters, which mostly concentrate on the circuit-level
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solutions for enhancing the transconductors’ linearity. The
idea of linearized transconductors with degenerated input
pair and loop control is discussed in [32]. Several solutions
based on transistor in the triode region [33], [34], or
floating-gate [35], body-driven [36] and cross-coupled cells
[37] have been also reported and combined with efficient
techniques such as adaptive biasing [38]-[42], master-slave
automatic tuning [43], and cancellation of the nonlinear
terms [44], [45]. Most of the above methodologies,
however, establish inevitable trade-offs between the power,
area and noise parameters and the DR. Some solutions not
only add to design complexity, but are found to be
incompatible with the restrictions of nano-scale
technologies. In [46], the linearity of the transconductors is
relaxed by alternating the connections between the internal
transconductors. Nonetheless, the idea is only applied to a
kind of standard biquad filter. Alternatively, the voltage
headroom at the inputs of the transconductors can be
lowered to restrict the operation of input transistors in the
linear region [47]. The voltage amplitude applied to the
filter input should be, however, reduced accordingly, which
eventually leads up to degraded signal-to-noise ratio (SNR)
and DR.

Excellent linearity performance is a prerequisite to filter
out with minimum distortion the out-of-band interferences
of the front-end circuits in wireless transceivers and the
similar applications. For this reason, we introduce in this
paper a systematic design approach for improving the
linearity of the ladder-type Gn—C filters without setting any
trade-off between area, power and DR. The proposed
methodology can be as well adopted for low-voltage filter
design. In what follows, we will review the operating
principles of the ladder-type Gn,—C filters in Section 11 and
manipulate the classical architecture for improving its
linearity based on a proposed technique. In Section 111, we
find the equivalent single-ended topology by modifying the
signal flow graph (SFG) of the classical implementation.
As a proof of concept, a commonly-used fifth-order
Butterworth LPF is subsequently designed and the post-
layout simulation results are reported in Section IV. Some
comparisons with the classical architectures from the prior
research are also made in Section I1. In the end, conclusions
are drawn in Section V.

ll. POSSIBLE WAYS TO IMPLEMENTFULLY-

DIFFERENTIAL LADDER-TYPE FILTERS
The first step towards successful filter design is to decide the
frequency spectrum specifications, wherein the most
important of which are the minimum stop-band attenuation
and the maximum pass-band ripple at the pass-band and stop-
band frequency ranges. Without losing generality, we choose
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the Butterworth approximation for the poles constellation of
the transfer function in this section, for a superior linear phase
response with a maximally flat band can be acquired compared
to Chebyshev or Elliptic approximations. High-order G,—C
filters may be realized using the standard first-order, biquad or
multiple-feedback Gn—C modules in series, or possibly by
implementing a ladder-type inductance—capacitance (LC)
topology via capacitors and Gn cells. The ladder-type
arrangement is found to be less susceptible to the components’
variations [48], making the final configuration less sensitive to
the time-constant deviations of the integrators when the LC
topology is realized by capacitors and OTASs.

FIGURE 1. A single-ended ladder-type LC filter.

The order of the filter is decided subject to the trade-offs
between power, die area, and the specifications of the
frequency response. Let us start from the passive ladder-type
(LC) LPF topology depicted in Fig. 1 (vi and v, are the input
and output voltages, respectively) and limit its order to 5
wherever required in the successive discussions to facilitate
the analysis. Despite these considerations, the conclusions can
be generalized to the type of all-pass (AP), band-pass (BP),
high-pass (HP), and band-stop (BS) ladder-type filters of any
order. The general voltage-gain transfer function of the fifth-
order LC filter shown in Fig. 1 is given below

H(s)="e = !

v, by +bs+bsiibsibs b (1A
where s is Laplace operator and
by =1+ E—i (1b)
b1=LlJrLzJFRS(ClchzﬂLcs) (1c)
L
b, = E_i(Llcl +L,Cy + LGy ) + (LG, + LiCs + L,Cs) (1)
by = Rs (LC,Cs + L,C,Cy + L,C,C) + %ZLCZ (le)
b, = i_i( LL,CCy ) +(LL,CoCs) (1f)
bs = Rg4L,C,C,Cq (19)
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FIGURE 2. Classical ladder-type Gm=C LPF (fully-differential representation).

The normalized coefficients of a fifth-order Butterworth
filter were extracted, just in the case where source internal
resistance, Rs, equals the load resistance, R., from an
numerical design manual as C; =0.618 F, L; = 1.618 H,
C,=2F, L,=1618H, C3=0.618F, and Rs=R.=1Q
(see, Table 2.9 in [49]), for the transfer function to be
shaped as:

0.5

H()= (s +1)(s2 +0.618s +1)(s2 +1.618s +1)

(1h)

A. CLASSICAL IMPLEMENTATION

Fig. 2 depicts the Gn—C implementation of the ladder-type
LPF in Fig. 1 [50]. The grounded load resistor R. and the
floating input resistor Rs are made by the Gmn and the Gmia
and Gmip Stages, respectively, whereas each floating inductor
is realized by four OTAs and a single capacitor (L1, €.g., by
Gm2a, Gm3a, Gmic, Gman and Cp, and Laby Gmaa, Gmsa, Gmab, Gmab
and Ca). The size of the normalized capacitors C; to C, should
be scaled down subject to allowable noise level and die area.
A big challenge for integrating the ladder-type Gn—C filters is
to sufficiently lower the transconductance values, keeping
unchanged the C /Gy, time constants and the shape of the
frequency spectrum. Careful considerations are accordingly
required to implement a reliable small-size transconductor
[51]. Three transconductors provide the current iciof C; as is
clear in Fig. 2, establishing the following relation between
iciand the nodal voltages by applying the current law:

icl =
2
Gria (Vio —Viy ) +Gnip (Voo —Vi, ) +Gpge (Voo —V5o) @)
Similarly, the current icj of Cj (j =2 to 5 in the case of n = 5)
can be formulated as:

ic2 = Grza (Voo —V1y ) + Gy (V4 —V3-) 3
ics = Ginga (V2- —Vau )+ Ginap (Vay —Va-) (4)
ics = Gmaa (Va- = V3, )+ Grap (Vou —Vo-) ®)
ics = Grnsa (Va- — Va1 )+ Gusb (Voo — Vo) (6)

As deduced from the above expressions, the linearity
problem of the classical filter arises when the transconductors
need to handle a large input amplitude. This corresponds to a
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greater v; = vi+ — v;- which eventually enlarges all vj = vj+ — v;-
(j =2to 5in case of n = 5) at the input of the transconductors.
Throughout the input range, they must therefore reflect a very
linear behavior for the input voltage to be converted to an
output current with minimum distortion.

B. PROPOSED IMPLEMENTATION

The linearity of the classical ladder-type filter not only
depends on the voltage swing at the input of the
transconductors, but also the linearity of the transconductors.
Several solutions have been therefore proposed to realize a
linear transconductor as described briefly in Section I. In this
Section, we shall instead focus on the input voltage swing of
the transconductors and improvise an alternative
representation of a ladder-type Gn,—C filter which defines less
linearity constraints for the intermediate stages. At this
purpose, we revisit and arrange the nodal equations in Section
II.LA to check whether it is possible to realize the filter by
applying in-phase signals to the transconductors. With this
idea in mind, (3), (4) and (5) can be rearranged when
Gm2a=Gm2b, Gm3a =Gmab, and Gmaa=Gmanas:

ic2 = Gmaa (Vi —V3-) +Gap (V34 — V1) (7)
ics = Gmaa (sz —V4 ) +Gnap (V4+ —Vy, ) (8)
ic4 = Gm4a (V3— _Vo—) + Gm4b (Vo+ - V3+) 9)

Fig. 3 depicts an alternative representation of an nth-order
LPF after the modifications made in (7) to (9) are applied. It
maintains the total current pumped to Cy, Cs and Ca, producing
a transfer function similar to the case of the classical
implementation. For in-band frequencies, however, the
intermediate transconductors now analyze in-phase signals
and can be realized much more simply than the standard
configuration. The voltage swing at the input of the
intermediate transconductors, Gmja and Gmjp (j = 2 to 4 in case
of n =5), is consequently lowered, enhancing the linearity of
the filter without a compromised area or power. Fig. 4
compares the system-level simulation of the voltage amplitude
at the input of Gmoa, Gmsa, Gmaa and Gmob, Gmab, Gmap, by
applying the values in Table | to implement a 1 MHz fifth-
order Butterworth filter.
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FIGURE 3. Proposed ladder-type Gm=C LPF (fully-differential representation).

The size of the transconductors is set to 32 WA/V, enabling
to scale down the capacitor sizes according to tolerable noise
level in minimum silicon area. Fig. 4(a) compares the
frequency response of the voltages at the input of the
transconductors of the classical and modified topologies
across the pass-band region. Unlike the classical case where
the signal phases are unconditionally opposite and yield
maximum amplitude, the phase differences are now a function
of frequency. For low-frequency input signals, the nearly zero
phase differences are accompanied by maximum efficiency.
The input signal phases gradually deviate at higher
frequencies (still less than 180°), yielding less linearity
improvement as compared with the classical structure. Fig.
4(b) compares the time responses at the input of the
intermediate transconductors for a signal at the edge of the
pass-band. Still, the systematic simulation results predict that
the proposed configuration lead up to superior linearity
performance regardless of the fabrication process, operating
region and the scheme of the transconductors.

TABLE |
VALUES OF THE ELEMENTS IN THE FIFTH-ORDER FILTERS

Denormalized fifth-order Classical and proposed filter

Butterworth coefficients parameters

Name Value Name Value
Cy 100 fF C; 100 fF
Ly 254pH C, 260 fF
C, 320fF Cs 320 fF
L, 254pH Cy 260 fF
Cs 100fF Cs 100 fF
RL 31kQ Gm 32 pAIV

From the above results, it is clear that maximum
improvement in terms of linearity can be reached when the
voltages applied to the input of the transconductors are in-
phase signals with similar magnitudes. Equivalently, the
efficiency of the proposed technique will diminish in cases
when the transconductors should handle in-phase signals but
with unequal amplitudes or with similar magnitude but
alternative phases, like in certain BP or AP implementations.
Depending on the amplitude and the phase of the signal
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applied to the transconductances, the proposed fully-
differential implementation has one drawback over the
standard topology. Despite the resulted maximum swing, the
differential nature of the signals at the input of the
transconductances causes minimum susceptibility to the
common-mode disturbances such as power supply ripples. As
such, we expect that the higher linearity comes at the cost of
less power supply rejection (PSR) at different frequencies.

[—o— Classical —o— Modified |
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FIGURE 4. Comparison between the classical and proposed cases in
terms of the input voltage applied to the input of the transconductors; (a)
Systematic simulation of the frequency response; (b) Transient response
at the edge of the pass-band.
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FIGURE 5. Using SFG to transform the standard topology to the proposed topology; (a) Classical ladder-type Gm—-C LPF (single-ended representation);
(b) SFG diagram of classical filter; (c) Equivalent SFG diagram of the proposed filter; (d) Proposed ladder-type Gm—C LPF (single-ended).

IIl. PROPOSED FILTER IN SINGLE-ENDED
IMPLEMENTATION

It would be instructive to alternatively derive the single-
ended implementation of the proposed filter based on the
feasible manipulations on the SFG of the classical filter. Fig.
5(a) exhibits the single-ended representation of the classical
topology shown in Fig. 2. The equivalent SFG graph of a
fifth-order filter is sketched in Fig. 5(b), where vi and v, are
the input and output nodes and the voltage v; and the current
nodes icj (j = 1 to 5 for n = 5) denote the voltage and current
of the capacitors, respectively. The SFG is formed by Gy, and
1/sC among the different current and voltage nodes. Let us
take Gmz2a = Gman, Gmsa = Gmap, and Gmaa = Gmap the same as
earlier, and divide the forward and backward ways which
contain these weights into parallel twigs. One of the twigs
having half weighting from each set can then be replaced by
a corresponding twig from the adjacent branch such that the
overall summations at each intermediate node is kept intact
consistent with Fig. 5(c). The weighting of the left and right
branches entering to the node ic2, €.g., are now converted to
Gmab/2 —Gmaa /2 rather than the original Gma, and —Gmza. The
implementation of the modified SFG in Fig. 5(c) is then
accomplished by the modified scheme depicted in Fig. 5(d),
which represents the single-ended topology of the proposed
filter in Fig. 3. In addition to the described advantages for
linearity, the intermediate Gn values of the single-ended
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configuration are halved as compared to the classical
implementation, giving the possibility to implement the
corresponding stages with less power consumption and
silicon area. What’s more, the classical single-ended
implementation compares the signals at the input of the
transconductances with ground. Therefore, from the
perspective of PSR, it does not have the previously-described
advantage over the proposed solution.

For both single-ended and fully-differential topologies, the
design procedures of the proposed filter is similar to the
commonly-used design procedures (choosing the filter
specifications, implementing the standard LC ladder,
denormalizing the coefficients similar to Table 1). The
transconductors would be, however, rewired in the final
stage to reach superior linearity metrics as compared to
standard implementation.

IV. SIMULATION RESULTS

A. OTA

Irrespective of the filter implementation, it is possible to
improve the linearity by resorting only to the circuit-level
solutions that enhance the transconductors’ linearity. These
techniques can be used for the proposed filter, especially in the
case of the first and the last OTAs whose input signals are
opposite. In this work, a single-stage Gn stage with a relatively
low DC gain was, however, chosen for the OTAs to better
quantify the capabilities of the proposed solution. Fig. 6
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presents the scheme of the single-stage folded-cascode
amplifier [31] together with the transistor dimensions for
Gm =32 pA/V in 65-nm CMOS. It is made up of M1a—Ma, to
Msa—Ms, biased by the tail transistor Mo. The input pair
Mia—My, transforms the input Vi: — V- into the differential
lo+ —lo—. This arrangement benefits from wider input
common-mode than a telescopic-cascode configuration at the
cost of elevated power consumption. Assuming a linear 1-V
characteristic, the output current expressed in terms of the
input voltage is:

I0+_|0—=Gm(\/i+_vi—) (10)

The Gn value can be adjusted over a broad range by the tail
current Iss, while the input pair Mia—My, may be arbitrarily
biased in the weak, moderate, and strong inversion regions
[52]. The biasing voltages from Vs; to Va4 are established by
the biasing network (not shown here), whereas the common-
mode feedback (CMFB) voltage is generated and applied to
the gates of Ms,—Ms, (not included for simplicity). The
cascoded devices Mzs—May and Mas—May boost the gain of the
amplifier. Important performance metrics such as noise,
mismatch, and load drive capability were considered for sizing
the core devices according to the gate ratios in Table II.

=

FIGURE 6. Schematic of the OTA.

TABLE 1l
DEeVICE DIMENSIONS IN 65-NM CMOS

Transistor W/L Transistor W/L
Mla ,Mlh 02um / 018um M4a ,M4b 80um / 050Hm
Mza ,M2p 0.8um/0.18um Ms, ,Ms; 8.0um / 0.50um
M3, ,M3p 0.8um /0.18um My 0.2um/0.18um

Fig. 7 indicates the OTA frequency response under 1-V
power supply. It achieves 35.4dB DC gain and 1.4 MHz
unity-gain frequency (UGF) with a phase margin (PM) greater
than 85° for a 0.5-pF external load. Fig. 8 depicts the current-
voltage (I-V) characteristic of the OTA subject to a 0.5 Vpp
input voltage swing. The input devices are biased in the strong
inversion and Iss is set to 5.4 pA. The input voltage swing of
the transconductors should be limited to around 500 mV peak-
to-peak for maximum non-linearity of 10%.
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B. PROPOSED FULLY-DIFFERENTIAL FILTER

The efficiency of the proposed technique for enhancing the
linearity of ladder-type filters is validated through simulation
of the fifth-order fully-differential filter shown in Fig. 3. Fig.
9 exhibits the layout in 65-nm CMOS process, occupying an
active area of 164 um x 100 um for the component values and
the gate ratios specified in Table | and Table Il. The filter core
consumes a nominal power of 167.2 UW under a 1-V voltage
supply. The following results mostly pertain to the post-layout
simulations.

100 pm

FIGURE 9. Core layout of the proposed filter.
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Comparison between the transfer curves at

Fig. 10(a) illustrates the frequency spectrum of the filter and
compares it with the LC ladder and the classical
implementations. It exhibits a —3 dB cut-off frequency of
approximately 1 MHz coherent with other implementations.
An in-band 1.2 dB gain ripple was perceived owing to the
finite OTA gains. Fig. 10(b) compares the small-signal step
response of different implementations subject to 80 mV
differential output step. The simulated similar frequency and
time responses confirm that the proposed implementation is,
indeed, an alternative implementation of the ladder-type LC
filter. Fig. 11 presents the input-output characteristic of the
proposed topology for different frequencies within the pass-
band (1 Hz and 1 MHz). The transfer curves of the standard
implementation and LC ladder are also sketched for
comparison. For the low-frequency waveforms with higher
amplitude, the graph of the proposed filter is found to be closer
to the fixed-slope line belonging to the LC ladder. As
described in Section I, this is due to the in-phase signals
appear at the input of the transconductances at lower
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frequencies. The phase differences smoothly increase at
higher frequencies, reducing the linearity metrics at the edge
of the 1 MHz pass-band in line with the qualitative results. As
the other index of linearity, the output power spectrums of the
classical and proposed designs have been plotted in Fig. 12,
when a 1 MHz sinusoidal waveform is applied to the input
with  200-mV  peak-to-peak amplitude. The third
intermodulation frequency (IM3) is included to measure 11P3.
The 9.36 dBm 11P3 of the proposed arrangement outperforms
—14.9 dBm of the classical filter.

\

9.36 dBm

—-14.90 dBm

3 dB/dec

Output Power [dBm]

-100 -
-40 -30 -20 -10 O 10 40 -30 -20 -10 O 10
Input Power [dBm] Input Power [dBm]

@ (b)

FIGURE 12. Simulation of the power spectrum; (a) Classical design; (b)
Proposed design.

.
-

O SFDR= 53.48dB
DR = 50.54 dB
THD =-49.14 dB

SFDR = 43.23dB
DR = 27.54dB
THD =-25.43 dB

Magpnitude [dB]

0
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Frequency [MHz] Frequency [MHz]

@ (b)

2 100 200 300
Input Amplitude [mVp-p]
(©)

FIGURE 13. Simulation result of the frequency spectrum; (a) Proposed
design; (b) Classical design; (c) THD vs. Input amplitude in both cases.

Fig. 13 compares the power spectral density of the classical
and modified topologies for the same 200 mVp.p input
amplitude. THD, SFDR and DR are measured as —49.14 dB,
53.48 dB and 50.54 dB in Fig. 13(a), respectively, revealing
significant improvement over the equivalent values
—25.43dB, 43.23dB and 27.54 dB for classical filter (Fig.
13(b)). Fig. 13(c) compares the THD vs. input amplitude of
both configurations. The THD improvement is about 23.7 dB
at the edge of the pass-band for 200 mVe.p input amplitude.

7



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3270372

IEEE Access

Author Name: Preparation of Papers for IEEE Access (February 2017)

In return to the improvement of linearity metrics, what we
miss is less immunity to the common-mode disturbances as
evidenced by the post-layout simulations summarized in Fig.
14(a). The low-frequency PSR of the classical architecture is
almost 10-dB better than the proposed implementation,
reducing to lower values at higher frequencies until the two
plots match each other. The similar PSR performance at the
edge of the pass-band was also concluded by performing 100-
times Monte-Carlo simulations on the layout extracted filter.
The PSR histogram of the conventional topology at 1 MHz is
depicted in Fig. 14(b), exhibiting a mean value (u) of
—150.28 dB with a standard deviation (c) of 4.96 dB. These
values are comparable to p = —149.93 dB and ¢ = 5.59 dB of
the proposed filter as shown in Fig. 14(c).

—120 | |- Classical
—O— Proposed

-165
-180
10° 10* 10°
Frequency [Hz]
(a)
30 - -
Iteration = 100 Iteration = 100
@ u=-150.28 dB u=-149.93 dB
©20; 0=4.96dB o=5.59 dB
<
5
3
o l0
0
-170 -160 -150 140 -170 -160 -150 -140
PSR [dB] PSR [dB]
(b) (©)

FIGURE 14. Comparison between the PSR performances. (a) Classical
vs. proposed topology; (b) PSR histogram of the classical topology at 1
MHz; (c) PSR histogram of the proposed topology at 1 MHz.

Monte-Carlo simulations of the cut-off frequency, THD, and
consuming power are also performed to investigate the effect
of the transistor mismatches on the operation of the proposed
filter, and the distributions are summarized in Fig. 15 for 100
iterations. The mean value of the cut-off frequency is
1.016 MHz with a o of 45KHz, vyielding a variation
coefficient of o/u = 4.42%.

40
Iteration = 100
» 30 4= 1.016 MHz
2 o=45.007 KHz
=4
©
5 20
[5]
j53
o
N H H H
0 I 0 0
0.85 0.95 1.05 1.15

Cut-off Frequency [MHz]
()
30

Iteration = 100 r Iteration = 100
u=-49.26 dB u=166.4 pW
c=0.67 dB o=6.7 pyW

Occurances
N
o

=
o

M0 LI o

-50 —49 —-48 —47 150 160 170 180 190
THD [dB] Power [uW]
(b) (c)

o

FIGURE 15. Monte-Carlo simulation results for (a) Cut-off frequency, (b)
THD, and (c) Power consumption.

Table 111 reports the variations of these parameters referred
to the process corners, where the symbols TT: typical; SS:
Slow nMOS, Slow pMOS; FF: Fast nMOS, Fast pMOS; FS:
Fast nMOS, Slow pMOS; SF: Slow nMOS, Fast pMOS are
used to label different corners. A worst-case THD of —48.29
dB was measured in the SS corner, which corresponds to the
minimum power consumption of 158 pW.

TABLE Il
OPERATION OVER THE PROCESS CORNERS
Performance TT FF FS SF SS
Cutoff Frequency 4501 1030 0983 0981  0.986
[MHz]
THD@(E;I;/]”'lMHZ 4914 5030 -5021 -51.43 -48.29
Power consumption 167 176 171 161 158
[pW]

The figure-of-Merit (FoM)
FoM. — B x (Bandwidth [MHz])> x Technology Feature [um]
! Power per Pole [mW]

(€3]

was used to classify the operation of the new configuration
among the prior art, when taking into account the bandwidth,
power per pole and feature size of the technology [53]. B is the
amplification factor and is equal to 1.5 in case of
amplification, and 1.0 if none. The following FoMs were
additionally defined to include the effect of linearity on FoM;.

FoM , = FoM ; x SFDR 12)

FoM ; = FoM ; x DR (13)

TABLE IV
TABLE IV OVERALL PERFORMANCE METRICS AND COMPARISON
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2022°[10] 2020 [19] 2020 [54] 2019[2] 2018 [7]
Topology LPF Gn-C LPF Gn-C LPF Gn-C LPF Gn-C LPF Gn-C
Technology [nm] 180 180 180 180 65
Voo [V] 0.5 1.0 0.5 1.0 1.2
Power consumption [mW] 0.05x107 0.208x10° 0.00369x10° 0.041x10° 5.10
Filter order 5 4 4 5 14
Bandwidth [MHz] 0.25x10°% 0.1x10° 0.2x10° 0.25x10°%° 2.0
R DR =57.6dB@ DR =49.3dB DR = 48.5dB@ DR =61.2dB _
Index of Linearity 60MVep @58mVep 160MVee @100mVes 11IP3 =9.0dBm
IRN [pV] 301 70.77 91.9 134 N/A
@ Freg. Range @1Hz-250Hz @1-300 Hz @1 Hz-400Hz @0.1-250 Hz
Power [mW] / Pole 0.01x10% 5x10 0.92x108 0.0082x10°® 0.36
Active Area [mm?] 0.0073 0.46 0.074 0.24 0.35
FoM1 1.125x10°® 3.4x10° 7.8x10°3 1.37x10° 0.71
FoM2 N/A N/A N/A N/A N/A
FoM3 647.37 2.89 552.2 1806 N/A
This Work &
2017 [6] 2016%[5]
Conventional Proposed
Topology BPF G-C LPF Active-RC LPF G,-C LPF Gn-C
Technology [nm] 180 180 65 65
Voo [V] 1.8 1.8 1.0 1.0
Power consumption [mW] 0.50 10.27 0.167 0.167
Filter order 4 4 5 5
Bandwidth [MHz] 0.6 2.55 1.0 1.0
THD =-25.4dB THD =-49.1dB
Index of Linearity SFgTZBr?]‘?/'GdB 1IP3 = -2.6dBm @200mVpp @200mVepp
PP IIP3 =-14.9dBm __ 1IP3 = 9.4dBm
IRN [uV] 1934 193.4
@ Freg. Range 0.126 0.058 @1Hz-1MHz @1 Hz -1 MHz
Power [mW] / Pole 0.125 2.56 0.0334 0.0334
Active Area [mm?] 0.14 0.23 0.0164 0.0164
FoM1 0.5184 0.43 1.94 1.94
FoM2 1.88x10° 86192.3 40813.3 432316.42
FoM3 N/A N/A 1101 219685.6

Post-layout simulation results

A summary of the performance metrics of the proposed
design is presented in Table Il and compared with some
publications. The proposed fifth-order filter occupies
0.0164 mm? (0.003-mm?pole) active area and consumes
167 pW (0.0334-mW/pole), both of which are among the
minimum cases in the topologies compared. It thus obtained
the highest FoMs when taking into account the bandwidth,
power per pole, feature size of the technology and the metrics
of linearity. The smallest active area is also attributed to two
factors: 1. A simple architecture was chosen for the OTAs
since the proposed arrangement allows achieving comparable
linearity metrics using a simpler OTA topology; 2. Size of the
integrated capacitors is minimized at the cost of 193 pV input-
referred noise (IRN) in the pass-band, which was still
acceptable for the application of concern in this paper. The
IRN vs. frequency is sketched in Fig. 13, indicating that flicker
noise is dominant in the low-frequency range up to 73.8 kHz
corner frequency.
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FIGURE 16. Input referred noise of the proposed design.

V. CONCLUSION

A modified design approach was introduced to improve the
linearity of the intermediate transconductors in ladder-type
Gm—C filters. It resulted in smaller input voltage swing at the
input of the transconductors, which eventually lead up to
superior linearity performance without any compromise on
area and power. The design of a fifth-order Gn—C low-pass
filter was accomplished using the proposed solution. Post-
layout simulation results were carried out in a standard 65-
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nm CMOS process, demonstrating superior performance
metrics as compared to the previous art. Endorsed by
analytical and simulated results, the proposed technique
relies on a systematic design approach which reconfigures
the connections between the transconductors such that
superior linearity metrics are resulted. It does not depend on
the topology of the OTAs.
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