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Abstract— The Switched-Resistor (S-R) technique is becoming
more and more interesting to implement low-voltage low-power
active-RC filters with high tuning range and front-end amplifiers
for biomedical circuits and systems. This approach exploits MOS
switches driven by a duty-cycle-controlled clock signal to achieve
tunability of the equivalent resistance and, hence, of the RC
time constant. Since S-R circuits can be considered as linear
periodically time variant (LPTV) systems with sampled outputs,
we exploit the theory of the adjoint (inter-reciprocal) network in
order to develop a detailed model of the cyclostationary noise
involved in this kind of circuits. The proposed model allows
to gain insight into the different noise sources and transfer
functions involved, highlighting the circuit parameters on which
the cyclostationary noise depends. Validation of the proposed
model has been carried out by comparing analytical results
against periodic noise simulations referring to a commercial
130nm CMOS process. The validation activity has confirmed the
good accuracy of the proposed noise model and provided some
useful design guidelines to optimize the noise performance of S-R
circuits.

Index Terms— Biomedical applications, large time constants,
integrated circuits, Switched-Resistor, noise modeling, LPTV
systems, cyclostationary noise.

I. INTRODUCTION

OWADAYS, an ever-increasing number of integrated

devices for biomedical applications requires high resis-
tance values to implement very large time constant with a
small area footprint and low input noise. In fact, biological
signals, characterized by a dc component due to electrode—skin
contact, require analog front-end amplifiers based on AC
coupling with very low cut-off frequencies (below 1Hz) in
order to remove the dc offset and properly process the signal
itself. The implementation of these very large time constants
on a CMOS integrated circuit is severely limited by the area
requirements both of capacitors and of resistors. In fact, the
capacitance per area is limited to a few fF/um?, if extra
technological steps to exploit special dielectric materials are
not implemented. Large physical resistors also require a huge
Silicon area, hence alternative approaches such as Switched-

Manuscript received 16 June 2022; revised 15 September 2022 and
26 October 2022; accepted 11 November 2022. Date of publication
24 November 2022; date of current version 30 January 2023. This article
was recommended by Associate Editor R. Rieger. (Corresponding author:
Giuseppe Scotti.)

The authors are with the Dipartimento di Ingegneria dell’Informazione,
Elettronica e Telecomunicazioni, Universitd degli Studi di Roma La Sapienza,
00185 Rome, Italy (e-mail: giuseppe.scotti@uniromal.it).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TCS1.2022.3222590.

Digital Object Identifier 10.1109/TCSI1.2022.3222590

, Senior Member, IEEE

Capacitor (S-C) or pseudo-resistor have been proposed to
minimize the area footprint.

High resistance values are required also in new genera-
tion neural recording multi-electrodes systems, which exploit
multiplexing techniques and implement front-ends based on
transimpedance amplifiers (TIAs) [1]. TIAs for biomedical
applications often require high-valued feedback resistances
which can be tuned over a wide range of transimpedance gains
and exhibit low input referred noise [2].

Designers of CMOS integrated circuits for biomedical
applications typically exploit the Switched-Capacitor [3] or
the pseudo-resistor [4], [5] approaches to implement large
resistance values in order to handle the tradeoff between
tuning range, noise and linearity. Nevertheless, it has to be
pointed out that, in order to tune the resistance value of
Switched-Capacitor resistors, the clock frequency has to be
varied, thus changing the sample rate of the system, and this
can be a disadvantage in many applications. Furthermore, the
noise generated in Switched-Capacitor circuits is inversely
proportional to the capacitance value, resulting in a further
tradeoff between area and noise minimization [6]. Coming
to pseudo-resistor implementations, their resistance value is
typically tuned over a wide range by changing the gate-source
voltage. However, when using this technique, the value of
the equivalent resistance is strongly non-linear and also very
sensitive to the common mode voltage and to process, supply
voltage and temperature (PVT) variations. To mitigate these
issues, many pseudo resistor topologies have been recently
proposed [5], [6], [7], [8] which, however, result in worse noise
performance and higher power consumption. Furthermore,
the noise contributions in pseudo-resistors strongly depend
on MOS devices sizing and operating points, but typically
an active device generates more noise than a passive ele-
ment such as a polysilicon resistor due to flicker and shot
contributions [8].

In the latest years, the Switched-Resistor (S-R) approach
has become more and more popular within the community
of integrated circuits designers [9], [10], [11], because it
allows implementing very high equivalent resistances with
excellent tuning capability and good linearity performance.
In fact, the S-R approach allows to boost up the value of a
physical resistor through the adjustment of the duty cycle of
the clock signal that drives the switch in series with it, without
modifying the sample rate of the system. Another interesting
characteristic of the S-R technique resides in the fact that,
in S-R circuits, the output voltage is already sampled, and
this allows to simplify the ADC design without considering
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an additional sample-and-hold block. All these characteris-
tics make the S-R approach a valid alternative solution to
Switched-Capacitor and pseudo-resistor approaches, especially
in biomedical applications. In fact, the S-R approach has been
successfully exploited in [12], [13], and [14] to implement
tunable filters, TIAs and analog front-ends for biomedical
integrated circuits.

Designers of biomedical integrated circuits need accurate
noise models in order to satisfy constrains in term of area
occupation and power consumption while achieving the target
performances for their circuits. Nowadays many noise models
are available for Switched-Capacitor [15], [16] and pseudo-
resistor circuits [4], [17], which are able to handle analog
tradeoffs in front-ends design. To the authors’ knowledge,
no accurate model has been presented so far for the S-R
approach, and noise is typically modeled as the thermal noise
related to the equivalent (average) resistance [11].

The derivation of an accurate noise model of S-R circuits
is not trivial due to the cyclostationary nature of noise in
these circuits. In fact, the noise analysis of LPTV (linear
periodically time-variant) circuits, such as S-R systems, has
to be carried out by determining the time variant frequency
transfer functions for each noise source of the circuit. For this
purpose, many theoretical contributions have been proposed
in the literature starting from the ‘50s, simplifying every time
the complicated analysis [18], [19], [20].

Recently, some novel theoretical contributions have been
proposed in the literature to solve LPTV circuits [21], [22],
[23] such as S-C circuits, mixers, and samplers. A simple
method proposed by Pavan for the analysis of N-path passive
filters [24], [25], [26] exploits the adjoint network theory [21],
[27] to build a LTI (Linear Time-Invariant) equivalent circuit
that shows a transfer function equivalent to the one of the
sampled LPTV system.

In this paper we demonstrate that the conventional noise
model adopted for the S-R [9], [28] is inaccurate for values
of duty cycle below 1%. We then propose a new analytic
noise model of S-R circuits, based on the approach proposed
by Pavan, which is able to describe in an accurate way
all the main noise sources that involve MOS switches and
polysilicon resistors. The proposed model has been validated
varying devices parameters and duty cycle values, highlighting
a high accuracy in predicting the white noise components with
average errors below 1%.

The paper is structured as follows: section II reviews
the basics of cyclostationary noise in LPTV systems. The
proposed detailed noise model is introduced and explained in
section III; firstly, the adjoint network related to the S-R circuit
under analysis is derived and then the equivalent transfer
function for each noise source is analytically evaluated. The
validation of the model is presented in section IV, highlighting
the accuracy of the model and providing noise optimization
guidelines. Conclusions are finally drawn in section V,

II. REVIEW OF CYCLOSTATIONARY NOISE IN LPTV
SYSTEMS

A linear periodically time-varying system can be character-
ized by an impulse response /4 (¢, ) in which the input signal

x(u) is applied at the instant of time u = ¢ — 7, whereby ¢
represents the observation time and 7 is the difference between
the observation time and the time of application of the impulse
itself. Since the system is causal, i (t,7) = 0 for t < 7.
In such a system, the excitation time plays the role of explorer
of different system conditions that distinguish the time-varying
nature. For a generic time-varying system the output response
can be expressed as follows:

Y (1) =/_ h (1) x () de )

Now considering a complex exponential input signal
x (u) = e/?7/" (a generic input signal can be expressed as
sum of infinite complex exponentials) the output y () of the
system can be rewritten as:

o
y(t):/ h(t,7)el>™dr
—00

= ejzﬂf’/oo hit,7)e /2T dr

9]

= eI H (1, 27 f) )

The above equation leads us to define the time-varying
transfer function H(z, j2zf) that links the time-domain
response of the system with the single-frequency input signal:

H(t, j2nf) = /oo h(t, T)e—jZIfrdT 3)

—00
If we assume that the system is periodic with period Ty,
then the impulse response is also periodic, and the following
property holds:

h(t,7) =h(t +nTs, 1) 4)

In a similar way, the above property holds also for the time-
varying transfer function, which can therefore be expanded
in Fourier series referring to the time t. This last assumption
allows us to express the frequency response (3) as:

HGj2af)=3 " _H(GampHe T 6)

where
T

1 - 27 kt
HoG2af) == [ H@j2ape’ War  ©

s

are the coefficients of the Fourier series expansion of the time-
varying transfer function (3). Hence, the time-varying impulse
response can be seen as a sum of time-shifted nonperiodic
impulse responses; then, in frequency, a sum of the harmonic
transfer functions Hy (j2z f) multiplied by the different com-
plex exponentials related to the time-shifts.

If we consider the sampled output y (n7s), combining (2)
and (5) we obtain a discrete sequence of samples which can
be considered as the output of an equivalent LTI system:

ynl =y (nTy) = Hey (j2rf) &2/ 0T (7)
Hey (j2nf) = H (nTy, j2rf)
= ZZ,OO Hi (j2x f) (8)

The above considerations show that, due to the periodicity
property, the output samples of a generic LPTV system are
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Fig. 1. An LPTV network varying with sample period 75, whose output
ip (1) is periodically sampled at 7, with a time offset #y.
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Fig. 2. Determining the impulse response /¢4 (1) of the equivalent LTI system
using the adjoint network. An impulse voltage is injected into the “output”
port of the adjoint network, and the open circuit voltage in the input port is
heg ().

equal to the output samples of an equivalent LTI system built
using as equivalent frequency response the sum of harmonic
transfer functions of the LPTV system itself.

An interesting approach to derive the equivalent frequency
response H,,(f) has been proposed by Pavan in [24] and [25],
where the adjoint network theory is exploited to compute the
equivalent impulse response h, (¢) (i.e., the inverse transform
of (8)) in a few simple steps.

As thoroughly descripted in [21], given a network N, the
related adjoint network N has the same graph as N and can
be built from it by applying the following substitutions rules:

1) The electrical passive elements (linear resistors, capac-
itors, and inductors) do not change in the equivalent
domain N;

Each switch driven by a waveform ¢(¢f) has to be
replaced with a switch driven by a waveform ¢ (—1);
Linear controlled sources in the LPTV system are
replaced by the symmetrical (dual) linear controlled
sources in the adjoint network. For instance, a voltage-
controlled voltage source has to be replaced with a
current-controlled current source with exchanged ports.

Let us consider the 2-port LPTV network (N) shown in
Fig. 1, excited by the current source iy (¢) at the port 1, and
whose output short circuit current i (¢) is sampled with period
T; at the port 2. The corresponding adjoint network N is shown
in Fig.2, and when excited with an impulse voltage source J(t)
at port 2 the open-circuit voltage taken at the port 1 of N gives
heq (1).

By generalizing the above considerations to the multi-input
case, as shown in Fig. 3, the output of interest in a generic
multi-port LPTV network is assumed to be v, (f), while r
generic sources are applied to the input ports. Working in
the adjoint domain, the equivalent LTI system of the LPTV
network can be obtained by applying an impulse voltage
source at the output port of interest, while r open-circuit
voltages or short-circuit currents are picked up at the respective
r input ports [21], providing the equivalent impulse responses
heq,i(t), i =1,2,...r. These functions can then be exploited
to calculate the sampled output of the original network as the
sum of the input sources filtered by the respective equivalent

2)

3)

669
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Fig. 3. (a) Original network with multiple inputs and one output, sampled
at a timing offset 7,. (b) Determination of heg, 1...,7(¢) using the adjoint

network.
yi(t)

ni(1) xi(t)
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Fig. 4. Block scheme of the i-th noise source filtered by heq and sampled
though a zero-order hold (ZOH) block.

impulse functions. Fig. 4 details this process for a single input,
highlighting also the sampling of the output with a zero-
order hold (ZOH) block, that models the fact that sampling
is performed by a square-wave clock with a given duty cycle
D and not by a train of ideal pulses.

If the r input sources are assumed to be the noise sources
n;(t) of the network, then, referring to the block scheme in
Fig. 4, this procedure allows to derive the output noise power
spectral density (PSD), taking into account its cyclostationary
nature and output sampling. In fact, once the equivalent
impulse responses, or the equivalent transfer functions (8),
have been determined, the PSD of the output S, (f) can be
determined starting from the PSD S;,, of n;(¢) as follows:

So (f) = Sin (f) |[Heg ()|> % 1ZOHD, HP ()

where
2 00 5 . oDk k
|ZOH (D, f)| _Zk_ooD sinc (Ts)é(f— TS)

(10)
and D is the duty cycle of the zero-order hold block, and then

rewritten as:
00 k k
So(f) =2, Sin (f - Ts) ’Heq (f - Ts)
Dk
x D%sinc? (—)
T;
(sinc(x) denotes the function sin(zx)/zx, as usual).
This approach will be applied in the next section to develop,
for the first time in the literature, a detailed model of noise in

S-R circuits, that takes into account its cyclostationary nature
to achieve good precision even for very low duty cycles.

2

(1)

III. SWITCHED-RESISTOR NOISE MODEL BASED ON
ADJOINT NETWORK THEORY

The scheme of an ideal S-R is depicted in Fig. 5. The
conventional S-R model [9], [11] is based on a MOSFET
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Fig. 5. Switched-Resistor ideal circuit.

Transmission Gate (TG) switch, characterized by its on-
resistance 7o, in series with an ideal poly resistor R, (the
off-state resistance of the switch r,rr is assumed to be
infinite). A duty-cycle-controlled clock is applied to the TG
switch to set the average current that flows in the series. A
detailed model of the S-R technique accounting also for par-
asitic capacitances and off-state resistances has been recently
presented in [29] by the authors to accurately predict the
equivalent resistance R, of a S-R.

If the noise behaviour of a S-R circuit has to be described,
the only model available in the literature [9], [28] is the
one based on the thermal noise generated by the equivalent
resistance:

4KT
Req

Ss—r = (12)

It can be easily shown that the model in eq. (12) gives a
reasonable accuracy only for duty cycle values higher than
about 1 to 10%, even when the equivalent resistance obtained
by the model in [29] is used.

Integrated filters for biomedical and IoT devices often
require high resistance values to implement the very large
time constants needed to process the low frequency biological
signals [30]. By using the S-R technique, the value of a
reference resistor is multiplied by a factor dependent on the
duty cycle of the clock signal. Since the silicon area occupied
by a physical resistor is related to the desired resistance value,
chip area can be strongly reduced if a small physical resistor is
used and the equivalent resistance is boosted through the S-R
technique. To achieve resistance multiplication factors higher
than 100, the value of the duty cycle has to be reduced below
1%, and in all these cases the above noise model is not enough
accurate.

When using a polysilicon resistor, the resistance value R,
is changed by varying the length L of the physical resistor,
according to [31] (R, = rLpg, where r is the resistance per
unit length of the polysilicon strip), and the associated parasitic
capacitance results Cg, = %pr, (where ¢ is the parasitic
capacitance to substrate per unit length of the polysilicon
strip).

Since the SR approach is interesting to implement very high
resistance values with small silicon area, we have chosen the
resistor type with the highest resistivity among the available
resistors in the target 130nm process.

The main difference when using other kind of resistors is
in the value of the associated parasitic capacitance, but the
model is able to handle any kind of resistor.

12

107 o ad T o ul
pnoise simulation
— = model in (8)
=0
T
~
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Q
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Fig. 6.  S-R conventional noise model: (a) comparison of the S-R noise
PSD estimated by the model in (8) (dashed line) with the results of Pnoise
simulations (solid line); (b) relative error between the conventional model
in (8) with respect to the Pnoise simulations.

To quantify the accuracy of the conventional S-R noise
model we refer to a commercial 130nm CMOS technology
and consider the power spectral density (PSD) of the S-R
circuit in Fig. 5 for R, = 100kQ and a transmission gate (TG)
switch with minimum sized MOS transistors. Periodic steady
state (PSS), periodic AC (PAC) and periodic noise (Pnoise)
simulations within the Cadence Virtuoso™ environment have
been exploited to estimate the equivalent resistance R, and
the noise PSD as a function of the duty cycle D.

Fig. 6a shows the S-R noise PSD for different values of
the duty-cycle D, highlighting how the conventional model in
eq. (12) (dashed line) is different from the Pnoise simulation
result (solid line) especially at low duty cycle values. To better
quantify the accuracy, we report in Fig. 6b the relative error
of the conventional model in (12) with respect to Proise
simulations for different duty cycles.

The values of both the maximum (259%) and average (75%)
relative error confirm that the conventional model in (12) is
not able to adequately describe the cyclostationary noise in
S-R circuits for duty cycle values lower than about 1%.

This is due to the fact that the conventional model in (12)
does not take into account the effective noise sources and how
noise propagates to the output. As an additional remark, it has
to be noted that, using the approximation R, / D in place of
Req results in an even higher error between predicted and
simulated noise, due also to the poor estimation of R..
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Fig. 7. Equivalent circuit of the switched resistor with all the considered
noise sources.

In this paper, in order to develop a model, suitable to
accurately describe the cyclostationary noise in S-R circuits,
we start from the detailed model of the S-R technique pre-
sented in [29] and add to it the most relevant noise sources,
thus obtaining the equivalent circuit reported in Fig. 7. The
detailed S-R model proposed in [29] is characterized, other
than by the parasitic capacitance C), also by a finite channel
resistance in the off state, that significantly affects the average
current flowing in the S-R at low duty cycles. Hence the
equivalent circuit in Fig. 7 includes five main noise sources:

. R,
« the noise source i,

R .

P
the equivalent noise source of each one of the two MOS
transistors (the p-channel Mp and the n-channel Mn)
implementing the TG switch in the on and in the off state

related to the polysilicon resistor

. . . .M .M
o{/[ the switch itself (denoted as 1,/,” Mon oo i "off and
iy respectively).

As shown in Fig. 7, the values of the noise sources due to
the MOS transistors of the switch depend on their switching
states. In fact, the MOS devices operating in strong inversion
(on phase) generate a noise which is significantly different
from the one obtained when operating MOS transistors in cut-
off (off phase). In particular, it is found that, for low values
of the duty cycle D, the TG switch exhibits a not negligible
noise.

It has to be remarked that only white noise sources have
been considered in the model; in fact, a preliminary simulation
campaign allowed us to verify that flicker noise contributions
of MOS transistors are negligible with respect to their white
noise counterparts on the integrated noise of the S-R. This
point will be better clarified in section IV.

In order to simplify the circuit in Fig. 7, the four noise
sources related to the TG switch have been represented with
an equivalent noise model that highlights the operating para-
meters in both the working phases.

In the simplified model reported in Fig. 8, the ideal switches
are controlled by clock signals with opposite phases and both
the channel resistances and the noise sources of Mp and Mn
are substituted with the corresponding equivalent resistances
and noise sources as follows:

Mp

rsw = p M0 (13a)
M
oty = o lIrory (13b)

671

Lno

Fig. 8. Simplified equivalent circuit of the switched resistor with counter-
phase clock signals driving the switches.

where the symbol || denotes the parallel connection between

two resistances.
2 2
— \/(ir/lwnwz) + (l'r/lwpon)

SW, .Mn 2 . MP
i of f \/ (l of f ) (l of f )

The circuit in Fig. 8 is clearly a LPTV cyclostationary
network with sampled output: the clock driving the TG, as
shown in Fig. 5, periodically modifies the network changing
the value of the switch equivalent resistance from the on to
the off value, and samples the output with a zero-order hold.
The approach described in section II can therefore be applied
to evaluate the equivalent output noise, sampled by the clock
signal, due to the different noise sources. Since different noise
sources have to be considered for the TG in the on and off
phases, the approach has to be applied twice, considering the
clock signal and its complement.

By applying the adjoint network theory to the equivalent
circuit in Fig. 8, the equivalent impulse responses related to
the three equivalent noise sources taking into account both the
on and off phases of the TG switch can be computed. These
equivalent impulse responses can then be used to evaluate the
sampled noise contribution due to each noise source i, (i,[f P
ison and iy’ ) according to the block scheme in Fig. 9. The
block scheme reported in Fig. 9 highlights that the generic
output noise contribution #,, related to a specific input noise
source i, has to be calculated by considering two equivalent
transfer functions Heg,on and Heg off.

Each one of these equivalent functions is computed by
applying an impulse signal J(¢) to the adjoint circuit in each
one of the two working phases as will be better detailed in
the following. Fig. 9 also shows that the filtered signals are
sampled with period Ts. Since a clock with duty cycle D is
used for sampling, a zero-order hold (ZOH) block has to be
considered. This can be modelled with a rectangular function
Rect(t) whose hold time is different for the two clock phases.

In particular, the hold time is DTs for the on phase (block
ZOH(D) in Fig. 9) and (1-D)Ts for the off phase (block
ZOH(I-D) in Fig. 9). Fig. 10 illustrates the sampling instants
of the two ZOH blocks which are at 7, in the off phase and
at T, in the on phase respectively. In the following subsection
A, we compute the adjoint network related to the noise sources

S,
, and i, 7.

S Won
ln

(14a)

(14b)

on

.R . . .S W,
i, 7, whereas in subsection B we work on i,
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Fig. 9. Block scheme for the computation of the output noise contribution
related to the generic input noise source i.
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Fig. 10. Sampling instants of the two ZOH blocks which are at 7 in the
off phase and at T;" in the on phase respectively.

D(-t)

Fig. 11. Adjoint circuit for the computation of the output noise due to the
noise source i, g, in the off phase.

Finally at the end of this section we will combine the different
contributions in order to determine the PSD of the output noise
of the S-R circuit.

A. Adjoint Network for Computation of the Noise
o e . R
Contribution Due to the Polysilicon Resistor i,"

The adjoint network to calculate the equivalent transfer
function related to the noise source of the polysilicon resistor
R, is shown in Fig. 11.

An impulse voltage source J(z) is applied at the port
where the short-circuit current is measured in Fig. 8, and
the output voltage is taken across the resistor R,, where the
current noise source were applied in the original circuit. The
switch is modelled by two resistors (3% and rg}”f) with in
series ideal switches controlled by clock signals with opposite

Clock phases in the J\/" domain

A Clock phases in the ]\fdomain
Dy(1) — DY)
D(t) A
‘ Dy(-1)
0 DI Ts ! 0 (DI Ty :

Fig. 12. Clock phases in the N and in the N domains.

1/Cyr,
R ploff
hegor” o

Py

0 (I-D)Ts  Ts (2-D)Ts 2T t

R
Fig. 13. h, qp’ off (t) as a function of time highlighting the periodic discharge.

phases, as better detailed in Fig. 12, that also highlights the
relationship between the clock phases in the original and
adjoint networks.

We evaluate the equivalent impulse response when an ideal
impulse signal is applied in any time instant ¢ belonging to the
interval [0, (1 — D) Ts] (off phase), given by the open-circuit
voltage across R):

I

e o u_y (1)

Rp

hegropr (1) =

(15)
Cproff

Toff = Cp(Rpllrofy) (16)

where u_j (¢) is the unitary step function. Once the memory
element has been charged through the impulse signal, we can
analyze the periodic decay of the charge across the parasitic
capacitor C,, illustrated in Fig. 13, determining from it the
recursive equation describing the phenomenon [24], [25].
Fig. 13 clearly demonstrates what was modeled in (5), i.e.
that the overall impulse response can be seen as a sum of
time-shifted nonperiodic impulse responses.

The discharge voltage across the capacitor, and therefore
the equivalent impulse response, is characterized by a periodic
trend, in which the time constant of the discharge changes its
value during each clock cycle according to the clock value as
shown by the following equations:

W) = T
oIS T Cpropy
0<t<(1-=D)T;s (17a)
R, _ o 71—(IT—D)TS
heq,off (t—1A-D)Ty) = Cproffe on
1=-D)Ty <t <Tj
R aﬁ _t—TS
h,” t—Ty) = ———e TIf 17b
eq,off( S) Cprgffe ( )
where
T, <t < (22— D)T; (17¢)
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Ton = Cp(Rp||7on) (18)
_ (1-D)Tg
o=e Toff (19)
DTg
f=e 7o (20)

From the equations (17) describing the recursive phenom-
enon [24] we obtain:

R
Rog o () = Pofr (1) + 7 hegops (t = Ts)

- ZZO iTs)

7 Pors (t — 21

where

y =af (22)

The function p,rr (), drawn in Fig. 13, describes the
exponential decay of the equivalent impulse response in the
first working interval 0 < ¢t < T, after the impulse has
been applied and can be expressed as the sum of two terms
Poff,A (t) and porr, p (t) defined in each half period as follows:

Poff () = posf,a (t) + pors,B (1) (23)

¢ U1 (1)) —u_y (¢ — (1= D) Ty)]

A=
Dot A= C prory
(24a)
o _1=(1-D)Tg
Doff,B (r) = o [u_1(t — (1 — D) Ty)
Cproff
—u_1(t = Ty)l (24b)

The two equations (24) describe the discharge of C,, through
the switch in the off and on phases, respectively. Applying the
Fourier transform at the recursive impulse function we obtain
the equivalent frequency response in the off state:

Hyl oo (F) = Por (F) + y Hol o (f) e 270Ts

P (f)
Heq’ioff(f) T 1 —yei2fT

(25)
(26)

By transforming also the p,rs(f) function in frequency
domain we can explicitly express the equivalent frequency
response as a function of circuit parameters.

1 Toff
Cproff 1+ j2mfrors
x (1 — ae*ﬂﬂfo(lfD))

o Ton
Cproff 14+ j27 fron
x (1— ,[)’esz”fTSD)

Porra(f) =

(27a)

20/ T;(1-D)

Porr.a(f) =
(27b)
Hence, after algebraic manipulation, H eq.off tUINS into:

1
1 — y e_jzﬂfTs

R
Hoforr () =
' ( {<off — ge I T(-D))
L+ j27 fropf
i Ton akon
roff( 1+ j27TfT0n)

x (1 — ,b’ejz”fTSD).

27/ T(1=D)

(28)
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kom = —2__ (29a)
Rp + ron
R
koff = ——2— (29b)
Ry +roff

According to Fig. 9, the output noise component due to the
noise source i, " is obtained combining both the equivalent
frequency responses in the off and on phases. In order to com-
pute the equivalent frequency response in the on phase, defined
when the impulse signal is applied in any instant ¢ belonging
to the time interval [(1 — D) Ty, Ts] we can follow the same
steps made for the computation in the off state. In this case, the
impulse signal is applied at the beginning of the time interval
[(1 = D) Ts, Ty, resulting in a clock configuration shifted
with respect to the off -state clock configuration by a quantity
dependent on D. By analyzing the adjoint circuit in Fig. 14,
the equivalent impulse response /.y o, can be computed as:

eq on (1) = e_"ii”u—l () (30)

Cpron
resulting in the transfer function, as in (31), shown at the
bottom of the next page.

B. Adjoint Network for the Computation of the Noise
Contributions Due to the TG Switch Input Noise Sources

A similar analysis can be repeated for what concerns the
noise sources associated with the TG switch: as shown in
Fig. 15, the impulse input voltage is still applied at the port 2
of the adjoint network, but now the output voltage is taken
across the switch resistance. More in detail, we are interested
in calculating the transfer functions related both to the noise
produced by the switch in the on phase i, and to the noise
produced in the off phase in"*', thus in the adjoint network
the output has to be taken both across the resistance 7} and

ff In both cases, the sampling instant can be both in the
on phase and in the off phase, thus the impulse input voltage
has to be applied both in the time interval [0, (1 — D) Ti] (off
phase) and in the time interval [(1 — D) Ty, Ts], (on phase).
We consider initially the equivalent impulse response when the
impulse voltage d(¢) is applied in any time instant t belonging
to the interval [0, (1 — D) Ty] (off phase).

After the application of J(¢), the voltage drop across the
resistance rj}”f depends on the charge stored in the parasitic
capacitor C), as follows:

RV (8) = O (1) —

__t
Tof f
heq.orf ¢

0<t<(1—-D)T;
Cprofs
(32)

The periodic decay of the charge, reported in Fig. 16, allows
us to deduce the recursive equation as we did in the previous
subsection. In this case, for (1—-D)Ty < t < Ty, the
equivalent impulse response is equal to zero, since the switch
connected to r“‘} is open (rg;)fl =0).

The periodic discharge process, shown in Fig. 16, highlights
a discontinuous trend, in which the discharge process of the
capacitor goes on through the R, and r;” resistances. We can
write for the successive phases:

swo//
eq off(t) = 50)

0<t<(—-D)T;

1
e Toff
Cprofy
(33a)
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R
he;,un

Fig. 14.  Adjoint circuit for the computation of the output noise due to the
noise source i, g, in the on phase.

Fig. 15. Adjoint circuit for the computation of the output noise due to the
noise source in sy in the off phase.
I/Cprl?[f
1}
R
Po
off
0 (I-D)Ts  Ts (2-D)Ts 2T t

Fig. 16. Graph of heq (;/fff (t) vs. time highlighting periodic and discontin-
uous discharge.

Ryt (t = (14m—D)T) =0
mly+(1—-D)Ts <t <Tg(m+1) m=0,1,2...
(33b)
[ 1—iT
pSers _ A
eq off (t Ts) - _Cproffe 4
iTy<t<Q-D)Ty+iTy, i=1,2... (33¢)

To obtain the recursive equation of the equivalent impulse
response h;;)’(;f‘;f(t) we need to consider the impulse o (1)
separately from the periodic discharge component, getting the
following:

Swuff Su)off
hy 1 (1) = 0 (1) = oy 1 (1) (34)
The recursive component of hzz)(;/; y (t) resides inside

hz;&gfff (), which is possible to rewrite through the P,rf 4

SWon
'heq, off i

0 (I-D)Ts  Ts (2-D)Ts 2T t

Fig. 17. Graph of hzg}‘:fff () vs. time highlighting periodic and discontin-
uous discharge.

function, already defined in the previous subsection, thus
obtaining:

Porra (f)

-y e_j27ffTS

Swuff

W (f) = (35)
Combining the equation (27a) with (35) we obtain the equiv-
alent frequency response related to r$ ff in the off phase:

Kotf
1+j2n frorf

1 — y e_j27ffTS

(1 _ aeijEfTS(lfD))
Swvff
Heogorr (f) =1~

(36)

In the same way, we can compute the impulse response
hzz)‘g (¢) taking the output across rjy, still consider'ing the
input apphed in the time interval [0, (1 — D) 7] . In this case,
at the application time of the impulse the switch connected to
r3’ is open, and consequently the impulse response is equal
to zero in the first semi-period.

Swon

eq of f
For the successive phases, equations similar to (33) can be
written to describe the discharge of C,, but considering the
alternate phases, as shown in Fig. 17::

t)=0 0<t<(l—D)T, (37)

j;’”(;}f(t nTy) =0 nTy <t < (1= D) Ty +nT;
n=0,1,.. (38a)
h (—hTs—(1-D)Tg
swon t —(1 h—D)T.) = — ’ - Ton
qoff( 1+ ) Ts) Cp’”offe
xhTy+(1—=D)Ty, <t <Ty(14+h) h=0,1,..
(38b)

Also in this case we can rewrite (38) in a recursive form,
exploiting the function Py,sf, p already defined in the previous
subsection:

sw,m

Pog oy (1) = (39)

—Poss.B (1) =y higren (1t = Ty)

After computing the Fourier transform of the recursive equa-
tion (39) and substituting the expression of P,rr g (f) (27b)

kon _ p,—j2nfTsD Toff
(1 ﬁe ’ )+ Ton ( 1+j27ff70ff)

1+j27 fton

Bkosr =22 TD (| _ ge—i2nfTs(1-D)y

eq on(f)

1 — y e—j27TfT5

(€19
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- 75w
heqogn

Fig. 18. Adjoint circuit for the computation of the output noise due to the
noise source i, sy in the on phase.

into it, we get the equivalent frequency response related to
=S Won 3
in the off state:

In
SU)
H,, orp ()
OTon Kon

. roff( 1427 f Ton)

e—27rfT5(1—D)(1 _ ﬁe_jZﬂ'fTsD)

1 —ye*JQ”fTS (40)
The same analysis has to be repeated for an impulse
input voltage applied in the time interval [(1 — D) Ty, T],
(on phase), to calculate the transfer functions related to the
. +SWon .Swoff . . .
noise sources i, " and i, for a sampling instant in the
on phase. From the analysis of the adjoint network in Fig. 18,
following the procedure already described, we obtain:

Hg'on ()
kon —j2nfTyD
=1 oy (1= pe 200

1— y e*jzﬂfTS

(41a)

swoff
eq on

(f)

Brofs

Ton

kosr
(I+j27 froff)

e—27rfT5D(1 _ ae—jZn’fTS(l—D))

1 — y e*jzﬂfTS
(41b)

C. Complete Model of Cyclostationary Noise in S-R Circuits

The evaluation of all the equivalent frequency responses in
the previous subsections allows us to assemble the complete
model of cyclostationary noise in S-R circuits. At this purpose,

. . R SW .
denoting with S,”, S5 and S, */the PSD of the noise
Rp . swon SWoff H :
sources i, ", iy and i, respectively, we can exploit the

block scheme in Fig. 9 to compute the PSD of the overall
output noise. As a first step we compute the overall output
noise PSD in the on phase S,, (f) as follows:

Son (F) = SE (D B[+ 530 () 130, )
w5 | onf (“2a)
and in the off phase S,f7 (f) as follows:
Sorr (1) = S8 () |1 )[4 53000 () |2 )
S f)’ (42b)

Then, we apply the sampling operation with a square wave,
that provides the contribution of noise folding. Starting from
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Fig. 19. PSD of the output noise current of the S-R estimated by Pnoise
simulation (solid line) and the proposed model (dashed line) vs. frequency.

equations (42), their relative sampled PSDs in each working
phase are obtained as follows:

k

T

(43a)

Sampledy, (f) = ZZ‘;?OO D2Sinc (Dk)? Son ( =

P

x Sinc (1 — D) k)? Sopf (f — ?)
(43b)

Sampled,rr (f) - (1-D)*

Finally, combining (42) and (43), the complete expression
of the cyclostationary noise PSD in a S-R can be computed
as shown in the equations (44), as shown at the bottom of the
next page.

IV. VALIDATION RESULTS

The proposed noise model has been validated considering
a S-R implemented in the 130nm CMOS technology from
STMicroelectronics using low-leakage MOS devices. A high
resistivity polysilicon resistor with nominal resistance R, of
100k€2 and an associated parasitic capacitance Cgp of 9.18 f F
has been used to implement the S-R circuit. The TG switch has
been implemented with minimum sized MOS devices resulting
in ry;’ about equal to 13.83kQ and r, ¢ in the TQ range. The
TG switch is driven by a 100kHz clock signal whose duty
cycle D is varied from 0.0001% to 100%.

Periodic steady state (PSS), and periodic noise (Pnoise)
simulations are used to estimate the noise PSD as a function
of the duty cycle D. The number of harmonic tones in
the PSS and Pnoise simulations has been set to 1,000 and
50 respectively.

The analytical model developed in the previous sections has
been approximated using a finite number of spectral replicas
k equal to the number of harmonic tones considered in the
Pnoise simulation. The PSD of the output noise of the S-R is
reported in Fig. 19 for D 0.0005% showing how the
proposed model agrees well with simulation results in spite
of the very low value of the duty cycle. In fact, even if
we have neglected flicker noise in the model, the average
and maximum relative error across the frequency range from
1Hz to 100k H z are lower than 0.5% and 1.9% respectively.
Furthermore, the RMS noise (integrated from 1 H z to 100k H z)
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TABLE I
VALUES OF C;, ASSOCIATED TO DIFFERENT VALUES OF R,

Polysilicon resistance Parasitic capacitance
Ry Cp
100kQ 9.18fF
75kQ 6.96fF
50kQ 4.72fF
25kQ 2 47fF
1kQ 0.32fF

from the simulation and from the model are almost identical
to each other. Since the Switched-Resistor is often exploited
to implement tunable resistances, it is important to provide a
validation of its model across a wide range of duty-cycle and
circuit parameters values.

The PSD @ 1kH z of the output noise current of the S-R
estimated by Pnoise simulation (solid line) and the proposed
model (dashed line) is reported in Fig. 20 as a function of the
duty cycle D. Referring to Fig. 20, we can observe different
dominant noise contributions for different values of D.

More in detail, for low values of D the dominant noise
contribution is the white component of MOS devices in the
TG switch and the noise coming from the polysilicon resistor
is negligible. On the contrary, the noise coming from the
polysilicon resistor becomes dominant for duty cycle values
higher than 0.1%. The relative error between Pnoise simulation
and the proposed noise model vs. D (referring to the traces
in Fig. 20) is reported in Fig. 21, showing how the proposed
model exhibits a maximum relative error of 9.8% for values of
D in which noise contributions of the TG and the polysilicon
resistor result quite similar to each other. The average relative
error across the duty-cycle range is 2.3% confirming the good
accuracy of the proposed model. Similar results have been
obtained by evaluating the PSD at 1Hz.

A. Validation of the Model When Varying Circuit Parameters

A more complete model validation has been carried out by
considering the variations of main circuit parameters such as

10712 preer v - - v -
TG with minimal sizing

~
<
<

PSD [A/N (Hz)]

~
<
N

10"

0.0001  0.001 0.01 0.1 1 10 100

Duty cycle [%]

Fig. 20. PSD @ 1kH z of the output noise current of the S-R estimated by
Pnoise simulation (solid line) and the proposed model (dashed line) vs. D.

1

10

Relative Error [%]

TG with minimal sizing
107k Average duty-cycle Error = 2.2692% E
Average Max Error = 9.8261%

4 L “ . “ . -
1
0.0001  0.001 0.01 0.1 1 10 100
Duty cycle [%]

Fig. 21. Relative error between Pnoise simulation and the proposed
model vs. D in the estimation of the PSD @ 1k H z of the output noise current
of the S-R.

the width and length of MOS transistors implementing the TG
switch and the value of the polysilicon resistor R, with the
associated parasitic capacitance Cp.

Fig. 22 shows the maximum (a) and average (b) relative
error (@ 1kHz) of the proposed model with respect to the
Pnoise simulation across the whole D range as a function of
the width W of MOS transistors implementing the TG switch
by keeping the length L equal to the minimum allowed by
the technology. The maximum relative error is also in this

Ss—k (f) = Spt + Syioen 4 Sy
Ry <O
Sus =D
+ (1 - D) Sinc ((1 —
o0
S =2 oS

+ (1 - D) Sinc ((1 —

o0
Szfl;uff _ Zk?oo g worf (f _ _) D2si

+ (1 - D) Sinc ((1 —

)4 k 2
(f_i) P

SSwon (f - —) D*Sinc (Dk)?

(44a)
2

W( Y

H,, off (44b)

f S
Hy, (f ol
2
} (44c)
sw 2
eq anf (f - Ts)

k 2
swuff f K
L ( -)

S Won

eq Off

(44d)
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TABLE II

SUMMARY OF RUN-TIME AND AVERAGE ERROR OF THE PROPOSED
ANALYTICAL MODEL IMPLEMENTED IN MATLAB
VERSUS PSS+PNOISE VIRTUOSO SIMULATIONS

Simulation PSS+Pnoise Analytical Speed- | Average
test-bench Virtuoso Model up Error
run-time (s) Matlab (%)
run-time (s)
Sweep D 125.7 4.28 29.4 0.49
(Fig. 20)
Sweep D and W 1048 6.7 156.4 1.81
(Fig. 22a-b)
Sweep D and L 1045 541 193.2 53
(Fig. 24a-b)
ol Average Error = 7.1491% §
ey 3
§ 8
N
a7f
g
e

> 5 N
K ;@0 NI A

5 Qb X X
N D o Q
AW Qf,b‘ AR

W Sweep sizing [pm]
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_26F Average Error = 1.8161% /1
Y]
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S
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< 14F
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Fig. 22.  Maximum (a) and average (b) relative error (@ 1kHz) of the
proposed model with respect to the Pnoise simulation across the whole D
range as a function of the width W of MOS transistors implementing the TG
switch.

case higher for values of D in which noise contributions of
the TG and the polysilicon resistor result quite similar to each
other. Overall, the average errors over duty cycle ranging from
0.0001% to 100% are below 2.3%, whereas the average error
over the considered W values ranging from (0.15 to 50 um)
are below 2.7%. Fig.23 shows the PSD @ 1kH z of the output
noise current of the S-R estimated by Pnoise simulation and
the proposed model versus W for D = 0.0005%, showing a
very good agreement between model and simulation results.
Similarly, Fig. 24 shows the maximum (a) and average
(b) relative error (@ 1k H z) of the proposed model with respect
to Pnoise simulation across the whole D range as a function
of the length L of MOS devices implementing the TG switch
by keeping the width W equal to the technology minimum.
In this case the maximum error approaches 26%, and is much
higher than the maximum error over W. Fig. 25 shows the
PSD @ 1kH z of the output noise current of the S-R estimated
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Fig. 23.  PSD @ 1kHz of the output noise current of the S-R estimated by
Pnoise simulation (solid line) and the proposed model (dashed line) vs. W
for D=0.0005%.
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Fig. 24. Maximum (a) and average (b) relative error of the proposed model
with respect to the Pnoise simulation across the whole D range as a function
of the length L of MOS transistors implementing the TG switch.
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by Pnoise simulation and the proposed model versus L for
D = 0.0005%.
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Fig. 26. Maximum (a) and average (b) relative error of the proposed model
with respect to Pnoise simulation across the whole D range as a function of
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The power spectral density evaluated over the considered
values of L highlights a good prediction of the model for the
whole L range, except for large value of L (in particular for
L = 10um), where the Flicker noise contribution is relevant
with respect to the white noise contribution. Fig. 26 shows the
maximum (a) and average (b) relative error of the proposed
model with respect to Pnoise simulation across the whole D
range as a function of the value R, of the polysilicon resistor
and the associated value C, of the relative parasitic capac-
itance. The resistance values associated to parasitic capac-
itances for the adopted technology are reported in Table I.
The average and maximum error of 4.7% and 1% respectively
highlight an accurate prediction of the model for a wide range
of R, values.

Table II summarizes the speed-up and accuracy (in terms
of average error) of the proposed analytical model versus the
detailed PSS+ Pnoise circuit simulation for the test-benches
used to produce the results reported in Fig. 20, 22 and 24,
with the following simulation settings:

o PSS analysis: 1000 harmonics;

o PNOISE analysis: 50 harmonics;

o Number of simulation points in PSS Sweep D: 34 points;

o Number of simulation points in PSS Sweep W and D:

340 points;
o Number of simulation points in PSS Sweep L and D:
340 points;

« PNOISE evaluated a single spot frequency: 1kHz.

We would like to point out that, even if the proposed model
is less general than PSS+Pnoise simulations which allow to
describe almost all nonlinear circuits with a periodic steady
state response, the proposed model is suitable to adequately

describe cyclostationary noise in switched resistor applica-
tions, and provide a dramatic reduction of simulation run-time
as shown in Table II.

V. CONCLUSION

In this work we have presented a detailed model of the
cyclostationary noise in S-R circuits. At this purpose, the the-
ory of the adjoint network applied to LPTV systems has been
successfully exploited. The proposed model has been validated
by comparing analytical results against Pnoise simulations
carried out with the design kit of the 130nm CMOS technology
from STMicroelectronics. The proposed model exhibits an
average relative error across the whole duty cycle range of
2.3%. The average error over the considered W values ranging
from (0.15 um to 50 wum) are below 2.7%. Considering a
minimum sized TG switch, the maximum relative error of
the model is below 9.8% and this maximum error is found
for values of D in which noise contributions of the TG
and the polysilicon resistor result quite similar to each other.
Due to its accuracy in describing the noise filtering effect
of the parasitic capacitances, the proposed model allows a
better optimization of the switched resistor (polysilicon value
and switch sizing), in terms of the tradeoff between noise
performance and linearity, (linearity get worse if the switch
resistance is not negligible with respect to the polysilicon
resistance).

The proposed analytical model highlights the effect of the
different noise sources and the relative transfer functions,
allowing to gain insight into the dominant noise contributions
and into the effects of the different circuit parameters on the
cyclostationary noise. The figures reported in the validation
section give a clear picture on the effect of W, L and R, on
the cyclostationary noise of the S-R. As shown in Table II,
the proposed analytical model allows a dramatic reduction
of simulation run-time especially when design parameters are
swept to optimize the circuit.
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