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Abstract 
 
AC-coupled amplifiers (ACCA) offer lower noise than traditional resistor feedback 
amplifiers, which benefits signal-to-noise ratio (SNR) for audio applications. Due to the 
DC isolation of the capacitor, a feedback resistor is needed to set the virtual ground of 
ACCA’s amplifier. However, an external feedback resistor raises system noise and 
transforms the ACCA into a high-pass filter, impacting the audio bandwidth signal (20-
20kHz). A GΩ resistor can shift the cut-off frequency outside the audio bandwidth 
while reducing noise. Various high-resistance resistor structures have been applied in 
biomedical readout integrated circuits (ICs), such as sequence detection, ECG, and EEG 
signal readout. However, the achieved signal-to-noise ratio and total harmonic 
distortion (THD) are unsuitable for audio applications. This thesis discusses different 
methods of making high-resistance resistors, such as duty-cycled resistors, switched-
capacitor resistors, and pseudo resistors, exploring their possibility in audio 
applications. This work proposes an active current reducer structure with an 
equivalent resistance of 200GΩ (± 20%) and an output RMS noise of 2.1μV for ACCA. 
This circuit is built in the 180-nm BCD process achieving -106 dB to -116 dB THD and 
96.7 dB SNR. 
 
Index Terms – audio amplifier, high-resistance resistors, duty-cycled resistor, switched-
capacitor resistor, pseudo resistor, active current reducers, total harmonic distortion 
(THD). 
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Chapter 1 Introduction 

 

1.1 Background and motivation 

Traditional audio amplifiers set the closed-loop gain using a resistor feedback 
network (Figure 1.1(a)) [1]. However, the dynamic range of these audio amplifiers 
is limited due to thermal noise from the input resistor [2]. Decreasing the input 
resistor would lower the input impedance of the audio amplifier, which is 
undesirable in audio applications as it increases signal loss from the previous stage. 
The AC-coupled audio amplifier (ACCA) structure shown in Figure 1.1(b) has the 
potential to enhance the dynamic range of audio amplifiers. Capacitors naturally 
block DC signals without adding noise and power consumption, enabling ACCA to 
achieve low noise without reducing input impedance.  
 
Nevertheless, the isolation of the DC signal by capacitor coupling prevents the 
operational amplifier's virtual ground voltage from being set [3]. The feedback 
capacitor also causes output saturation due to the charge stored on the capacitor. 
To set the virtual ground of the opamp and avoid output saturation, a feedback 
resistor (250 MΩ) is applied to form a first-order high-pass filter (HPF) in the 
previous structure [4] (Figure 1.1(c)). However, the relatively small feedback 
resistor pushes the HPF's cutoff frequency within the audio bandwidth. Chopping 
modulation preserves the audio signal by up-modulation, preventing it from being 
filtered by the HPF. The chopping frequency needs to be carefully selected to avoid 
intermodulation of the signals within the bandwidth. Up-modulation of the 
amplifier offset causes a ripple in the output, which is generally unacceptable. 
Ripple-reduction technique is applied to suppress ripple effectively, and an LC low-
pass filter is the most straightforward way [3].  
 
As depicted in Figure 1.1(d), a more straightforward structure could be achieved 
by applying a high-resistance feedback resistor that shifts the HPF's cut-off 
frequency outside the audio bandwidth. However, using traditional poly resistors 
to achieve GΩ or TΩ resistance is very area-consuming, which is often undesirable 
in integrated circuit design. This thesis aims to explore a method for designing 
high-resistance resistors and apply it in the audio field, serving as the starting point. 
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(a)                                  (b) 

     
(c)                                  (d) 

Figure 1.1 (a) resistor feedback audio amplifier; (b) AC-coupled amplifier[3]; (c) previous structure[4]; 
(d) High-resistance resistor feedback AC-coupled amplifier. 
 

1.2 Spec for high-resistance resistor 

This work focuses on exploring making a high-resistance resistor to simplify the 
previous ACCA structure, and the system spec (Table 1.1) references the previous work 
[4]. The closed-loop gain is determined by the input and output voltage supply, 
resulting in an 18dB gain. The input capacitance of the ACCA is set to 2.56 pF as a 
reference value, striking a balance between the capacitor's area consumption and the 
amplifier's input reference noise [4].  
 

Table 1.1 Inherited system spec 

Close loop gain (dB) 18 

bandwidth 20-20kHz 

Output RMS noise (μVrms) 8 

SNR@100mV input (dB)  97 

THD@-1dBFS (dB) -113 

 
The high-resistance resistor needs to meet specific requirements for the audio 
application. First, the resistance, which decides the cut-off frequency of the HPF by the 
equation 𝑓𝑓𝑐𝑐 = 1

2𝜋𝜋𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝑓𝑓𝑓𝑓
 , affects the frequency response for ACCA. As shown in Figure 
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1.2, the red line presents the frequency response made by a higher-resistance 
feedback resistor compared to the others, achieving a flatter gain and phase frequency 
response in the audio bandwidth from 20 Hz to 20k Hz.  
 
In audio applications, the signals within the audio bandwidth should be affected as 
little as possible by the HPF. As the cut-off frequency increases, the gain and phase 
shifts within the bandwidth increase (Figure 1.3). The tolerance for the cut-off 
frequency required to achieve a flat bandwidth frequency response is based on 
currently available audio systems on the market (Table 1.2).  
 

Table 1.2 Gain shift and phase shift for advanced audio devices 

 Gian shift (dB) Phase shift (degree) 

Iloud Precision 6 [5] 1 20 

Genelec 8050B [6] 2 N/A 

ICEpower 700AS2 [7] 3 35 

 
The Iloud Precision 6 speaker, as a representative of consumer audio speakers, is 
capable of a 20-degree phase shift and a 1 dB gain shift within its bandwidth [5]. Other 
advanced audio devices, such as the Genelec 8050B [6], which has a gain shift of 2 dB, 
and the audio amplifier ICEpower 700AS2 achieve a 3 dB gain shift and a 35-degree 
phase shift [7].  

 
Figure 1.2 Frequency response for ACCA 

 
In this project, the Iloud Precision 6 speaker serves as a reference for a high-quality 
audio system. The cut-off frequency of ACCA should be below 7.3Hz, implying that a 
70 GΩ feedback resistor would be sufficient for the audio application in this project. 
We chose 2.5 Hz as the target for this academic research project, so a 200GΩ feedback 
resistor is needed. 
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Figure 1.3 Gian shift and phase shift versus input frequency 

 
In addition, noise is an essential consideration in audio applications. The previous 
structure has an output RMS noise of 8µV within audio bandwidth. Introducing a 
feedback resistor increases the total noise of the previous structure. The output RMS 
noise contribution from the feedback resistor is adjusted at 2 µV in order to reduce 
the impact of the noise contribution from the feedback resistor. The noise model of 
ACCA can be simplified as a first-order RC lowpass filter (Figure 1.4). The output RMS 
noise can be calculated by the equation (1.1) 
 

 
20k

fb
RMS,out 220

fb fb

4kTR
V df

1 j2 fC Rπ
=

+∫  (1.1) 

 
Note that a 200 GΩ resistor typically generates 32 µV RMS noise at the output. The 
resistance should increase to 51 TΩ, or the feedback capacitor should be raised to 5 
pF to attain 2 µV output RMS noise contribution. Both adjustments would result in a 
significant increase in chip area consumption. Thus, designing a 200 GΩ resistor with 
2µV output RMS noise poses a challenge in this project. 
 
Linearity is another crucial aspect of audio systems, often represented by total 
harmonic distortion (THD). The previous structure has a THD of -113 dB at -1dBFS, so 
linearity is expected to be maintained when applying this high-resistance resistor to 
the ACCA. Consequently, the THD of the ACCA should be less than -113dB at -1dBFS. 

Cfb

Vout

Rfb

 

Figure 1.4 simplified noise model of the high-resistance resistor in ACC 
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1.3 State of the art for high-resistance resistor 

Many solutions have been proposed to achieve high-resistance resistors, such as 
pseudo resistors [8-12], duty-cycled resistors (DSR) [13-17], and switched-capacitor 
resistors (SCR) [18-22]. These high-resistance resistors are widely used in biomedical 
readout integrated circuits(ICs) which require low power consumption, small area, and 
multiple channels [23]. In sequence detection, DNA sequences passing through a 
nanopore generate biological current information of approximately 100 pA [24]. A 
high-resistance resistor feedback transimpedance amplifier could convert this small 
input current signal into voltage signals for further processing. Using traditional poly 
resistors significantly limits the number of channels. Pseudo resistors (Figure 1.4(a)), 
which achieve high resistance by one or several diode-connected PMOS, can increase 
the number of channels on a chip by dozens of times. A 50 MΩ pseudo resistor used 
as a feedback resistor in a transimpedance amplifier for reading DNA sequences 
achieved a 30.6 dB SNR [9]. ECG signals require low-noise, low-power biosignal 
amplifiers to read out signals from the millihertz to the kilohertz range while 
suppressing large DC offsets generated by the electrode-tissue interface. An ACCA with 
a 0.1 TΩ pseudo resistor as feedback achieved a cutoff frequency of 0.025 Hz, -40 dB 
THD, and 60.6 SNR [8]. Pseudo resistors are nonlinear and highly sensitive to process 
and temperature variations [12], making them challenging to use in audio applications. 
Several structures have been proposed to enhance the performance of pseudo 
resistors, such as back-to-back structures [11] or active structures [25]. Active current-
reducer (ACR), a type of active pseudo resistor structure (Figure 1.5(b)), has been 
proposed to further improve performance. Chapter 2 will discuss the applicability of 
these structures to this project. 
 
Duty-cycled resistors (Figure 1.5(c)), which control the average current flowing through 
the resistor by adjusting the switch duty cycle, offer PVT robustness and linearity 
compared to pseudo-resistors. A 420 MΩ and 20 GΩ duty-cycled resistor were used to 
create an RC low-pass filter and integrator for processing ECG signals, resulting in a 66 
dB SNR and -74 dB THD [14][16]. The maximum achievable resistance of a duty-cycled 
resistor is limited by the sampling frequency and parasitic capacitance [14]. The 
following chapters will discuss the feasibility of using a duty-cycled resistor in this 
project. 

 

 

(a)                                      (b) 
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(c)                                      (d) 

 
Figure 1.5 (a) Pseudo resistor; (b) Active current-reducer[25]; (c) Duty-cycled resistor; (d) Switched-

capacitor resistor 
 

Switched capacitor resistors (Figure 1.5(d)) are formed by adjusting the charging and 
discharging ratio on the capacitor by switches. In 2021, a 100 TΩ switched capacitor 
resistor was applied as a feedback resistor in an acoustic amplifier, achieving an SNR 
of 67.5 dB [21]. We will discuss whether switched capacitor resistors can be applied in 
this project in Chapter 2. 
 
Many methods for implementing high-resistance resistors are applied in biomedical 
readout integrated circuits, but the achieved THD and SNR are relatively low for audio 
applications. The specifications of this project and the current status of the art are 
shown in Table 1.3. 
 

Table 1.3 Target Specifications 

 This Work 03-JSSC[8] 
12-Sensors and 

Actuators[9] 
17-JSSC[14] 

20-Centurelli 

[16] 

21-VLSI 

[21] 

Resistor 

Structure 
TBDⅠ 

pseudo 

resistor 
pseudo resistor 

Duty-cycled 

resistor 

Duty-cycled 

resistor 
SCRⅡ 

ArchitectureⅢ ACCA ACCA Rf-TIA Integrator RC-filter ACCA 

ApplicationⅣ 
Audio 

application 
ECG DNA ECG ECG Acoustic 

resistance(Ω)  200G 100G 50 M 20GΩ 424.4M 100T 

Area(mm2) TBD 4× 4 μm2 132× 84.7 μm2 0.071 0.075(total) N/A 

THD@-1dBFS -113dB -40dB N/A -74dB N/A N/A 

Bandwidth(Hz) 20-20k 0.025-7.2k 5k 200-20k 75 20-4k 

Output RMS 

noise 

contribution 

(μVrms) 

2 207.7 151.2 140 N/A 178.4 

SNR(dB) 96 60.6 30.6 66 N/A 67.5 

Ⅰ TBD = To be decided 

Ⅱ SCR = Switched-capacitor resistor 
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Ⅲ ACCA = AC-coupled amplifier 

   Rf-TIA = Resistor feedback transimpedance amplifier 

Ⅳ ECG = Electrocardiogram 

 

1.4 Thesis organization 

This thesis explores a method for designing a 200 GΩ equivalent resistor for AC-
coupled amplifiers in audio applications. The subsequent chapters are organized as 
follows: 
 
Chapter 2 explores the feasibility of four different methods for this project, including 
duty-cycled resistors, switched-capacitor resistors, pseudo-resistors, and the active 
current reducer. Ultimately, an active cascade current reducer is chosen and applied 
to this project with circuit implementation details. 
 
Chapter 3 showcases the simulation results. 
 
Chapter 4 concludes this thesis with a discussion of future improvements. 
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Chapter 2 System architecture 

This chapter discusses the system-level design of high-resistance resistor 
implementations for ACCA in audio applications. First, three distinct methods will be 
analyzed individually: duty-cycled resistors, switched-capacitor resistors, and pseudo 
resistors. Then, an architecture of the active current reducer will be introduced, and 
the system specification will be derived for the circuit-level design. 

2.1 Analysis of high-resistance resistor implements 

To explore the implementation of realizing a 200GΩ resistor in audio applications, we 
explore the following methods: 

2.1.1 Duty-cycled resistor 

A duty-cycled resistor, depicted in Figure 2.1, consists of a passive poly resistor in series 
with a switch. The basic idea of a duty-cycled resistor is to control the average current 
passing through the resistor within each cycle to achieve an equivalent high-resistance 
resistor. When a clock drives the switch with a duty cycle factor of D, the average 
resistance observed across the terminals is given by R/D. 
 

 
Figure 2.1 Concept of a duty-cycled resistor to realize a high-resistance resistance 

 
Duty-cycled resistors are inherently time-varying. A more detailed analysis needs to 
account for frequency translations. Linear periodic time-varying (LPTV) analysis has 
been proposed in reference[15]. The frequency domain conductance of the duty-
cycled resistor can be expressed as (2.1) 

 k 0
k

G(j ) g ( k )ω δ ω ω
∞

=−∞

= −∑  (2.1) 

Duty cycle=D

R Φ
Vi Vo

I

Φ
t

t
I

Iave
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Where 0
Dg
R

=  and sin
k

D k Dg
R k D

π
π

=  . When the duty-cycled resistor is incorporated 

into the AC-coupled amplifier, as illustrated in Figure 2.2(a), its noise model can be 
simplified into an equivalent noise model of a first-order RC low-pass filter, as shown 
in Figure 2.2(b). As mentioned in reference [14], the output RMS noise can be 
expressed by the following equation (2.2) 

 
20k

n,out,rms 220

fb

R4kT
DV df

R1 j2 fC
D

π
≅

+
∫  (2.2) 

From this equation, we can see that the noise transfer process for duty-cycled resistors 
is approximately the same as that of a poly resistor with an equivalent resistance value 
in ACCA. For a 200GΩ duty-cycled resistor achieved by ideal components, the output 
RMS noise measured is 31.6µV. The noise power spectral density of this structure is 
depicted in Figure 2.2(c). We can see that the noise behavior of the duty-cycled resistor 
is similar to that of the poly resistor. Using a duty-cycled resistor to implement a 200GΩ 
equivalent resistor does not meet the design goal of low noise. 

              
(a) (b) 
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(c) 
Figure 2.2 (a)ACCA with duty-cycled resistor; (b) Simplified noise model; (c) Noise power spectrum. 

 
In terms of the implementation of the duty-cycled resistor, a complementary switch 
(Figure 2.3(a)) and a three-terminal poly resistor (3T-poly resistor, Figure 2.3(b)) are 
used to implement a duty-cycled resistor. Since the equivalent resistance is R/D, we 
investigate the smallest duty cycle to determine the highest achievable resistance 
using this structure. The switching frequency (40 kHz) is twice the audio bandwidth, 
satisfying the Nyquist criterion for a sampling system. Due to the parasitic capacitor to 
ground (mainly from on-chip resistors), the switching frequency forms a switched 
capacitor resistor with a resistance value of 1/Cpf. 
 

IN OUT

 
Figure 2.3 Complementary switch 

 

Body

 
Figure 2.4 3T-poly resistor model 

 
The formed switched-capacitor resistor is in parallel with the duty-cycled resistor. The 
final resistance value primarily depends on the smaller of the two resistors. To explore 
the influence of the parasitic distributed capacitance of the 3T poly resistor on the 
achievable resistance value, we use different 3T poly resistors to make a duty-cycled 
resistor. The results are shown in Table 2.1. We can see that the attainable resistance 
value is limited by the switch parasitic capacitor resistor, which has a proportional 
relationship with the size of the resistor. To achieve a 200GΩ equivalent resistance, we 
need a 50kΩ resistor with a duty cycle of 1/4000000. The feasibility of implementing 
such a small duty cycle warrants further investigation. 
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Table 2.1 Achievable resistance by different 3-T poly resistor 

R(Ω) 50k 100k 1M 10M 

D 1/4M 1/2M 1/200k 1/20k 

Cp(F) 0.128f 0.256f 2.57f 25.7f 

Achievable 
resistance 

200G 97.6G 9.7G 0.97G 

 

We explored the feasibility of implementing such a small duty cycle , which depends 
on the pulse width. Figure 2.6 illustrates a simple pulse width generator consisting of 
a clock signal, an inverter, and an AND gate. The delay of the inverter determines the 
pulse width of the pulse width generator. As demonstrated in Figure 2.6, we obtained 
a 0.4 ns delay, where the PNMOS inverter exhibits a delay of approximately 0.4 ns 
compared to an ideal inverter. The minimum achievable duty cycle for a 40 kHz 
switching frequency is 1/62,500. 
 
Consequently, the maximum resistance value attainable with this structure is 3 GΩ. In 
a recent paper [26], it has been claimed that a pulse width of 16ps has been achieved 
in 14nm technology. However, even with such a small pulse width, the maximum 
achievable resistance is 100 GΩ, which remains insufficient to meet the 200 GΩ target. 

 
Figure 2.5 Pulse width generator 
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Figure 2.6 Transient response of ideal inverter (blue line) and push-pull PNMOS inverter (purple line) 

 

In summary, a duty-cycled resistor provides an area-efficient method for achieving 
substantial resistance. However, its maximum value is constrained by parasitic 
capacitors, switching frequency, and duty cycle. 
 
Due to the abovementioned limitations, the duty-cycled resistor was not chosen for 
this project. Nevertheless, several approaches have been proposed to enhance 
performance, such as sample and average feedback structures [27]. By constructing an 
anti-aliasing filter, the switching frequency of the DSR can be further reduced without 
introducing aliasing, which helps to achieve a higher resistance value. Recently, a 
segmented duty-cycled resistor structure [28] has been proposed, which realizes TΩ 
resistance by connecting multiple duty-cycled resistors. In each cycle, parasitic 
capacitors share charge, mitigating the restrictions on achievable resistance. Future 
work will further explore the potential of DSR in audio applications by examining these 
methods. 
 

2.1.2 Switched-capacitor resistor 

The switched-capacitor resistor, illustrated in Figure 2.7, comprises two switches and 
one capacitor. The basic principle is controlling the charging and discharging rates of 
the capacitor by switches to achieve a small resistance. The resistance value of the 

switched-capacitor resistor can be expressed as 1
𝐶𝐶𝑓𝑓𝑠𝑠

 [29].  
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'
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Figure 2.7 Switched-capacitor resistor 
 
When this resistor is placed in ACCA, as shown in Figure 2.8(a), its noise contribution 
model can be simplified into an equivalent noise model of a first-order RC low-pass 
filter, as demonstrated in Figure 2.8(b). based on the methods mentioned in 
[20][30][31], the output RMS noise from the equivalent resistor can be represented by 
the following equation (2.3). 

 
20k

c s
n,out,rms 220

fb
c s

14kT
C f

V df
11 j2 fC

C f
π+

∫  (2.3) 

 
For the switched-capacitor resistor, its noise transfer process is approximately 
equivalent to that of a poly resistor with the same resistance value in ACCA. For a 200 
GΩ switched-capacitor resistor implemented with ideal components, the measured 
output RMS noise is 33µV, and its noise spectral density is shown in Figure 2.8(c). As 
seen in the figure, the noise curve of the switched-capacitor resistor closely aligns with 
the noise curve of the poly resistor, consistent with the description provided by the 
noise formula. A 200 GΩ equivalent switched-capacitor resistor does not meet the 
necessary noise requirements. 
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(c) 

Figure 2.8 (a)ACCA with switched-capacitor resistor; (b) Simplified noise model; (c) Noise power 
spectrum. 

 

In terms of implementation, a switched-capacitor resistor comprises a pair of non-
overlapping complementary switches and a capacitor, as shown in Figure 2.9. Given 
that the equivalent resistance is inversely proportional to both the switching frequency 
and capacitance, the switching frequency is set to 40 kHz based on the Nyquist 
theorem to investigate the maximum achievable resistance. A 0.125fF capacitor is 
needed to achieve 200G equivalent resistance. For making such a small capacitance, 
we explore the feasibility. 

inAMP outAMP

 
Figure 2.9 non-overlapping complementary switches 

 
In the 180-nm BCD process, the minimum capacitance value is 6.23 fF by a CRTMOM 
capacitor component. To achieve a smaller capacitance value, two methods are 
proposed. The first method involves connecting multiple capacitors in series. However, 
the presence of parasitic capacitance to the ground constrains the minimum 
capacitance that can be attained. To measure this parasitic capacitance, a capacitor is 
grounded in the layout, as illustrated in Figure 2.10. The measured parasitic 
capacitance to the ground is found to be 0.33 fF. 
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Figure 2.10 Layout for a parasitic capacitor connected to the ground 

 

The minimum achievable capacitance can be determined using the mean inequality 
equation (2.4). 

 
6.2 0.33x 2.8fF
x
+ ≥  (2.4) 

The left-hand side of the inequality comprises two components. The first component 
is the capacitance obtained by connecting capacitors in series, where theoretically, the 
more capacitors connected, the smaller the total capacitance value. The second 
component is the parasitic capacitance to the ground, which increases as the number 
of capacitors in the series grows since the parasitic capacitors are connected in parallel. 
Figure 2.11 presents the results of a Monte Carlo simulation involving nine capacitors 
in series, yielding a capacitance of 2.65 fF, closely approximating the theoretical value. 
Consequently, achieving such a small capacitance with capacitors in series is not 
feasible under the 180-nm BCD process. 
 

 
Figure 2.11 Monte Carlo simulation results of capacitors in series 

 
An alternative approach to attaining a small capacitance involves using two metal 
plates. Figure 2.12 depicts the overlapping contacts of two poly resistors, which result 
in a metal capacitor with a capacitance of 0.125 fF in the Cadence simulator by 
adjusting the contact area. Paper [32] also achieved a minimum capacitor of 0.125fF 
in the 65-nm BCD process. However, achieving and ensuring the reliability of such a 
small metal capacitance in a 180-nm BCD process remains challenging and requires 
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further investigation and validation. 

 

Figure 2.12 Metal capacitor made by contact of two poly resistor  
 
This project did not choose switched-capacitor resistors (SCR) due to the 
aforementioned problems. The sample and average feedback structure proposed in 
[27] could increase capacitance and reduce switching frequency without introducing 
aliasing, thereby facilitating higher resistance. Future work will focus on implementing 
a small capacitor and lowering the switching frequency to assess the feasibility of SCR 
in audio applications. 

2.1.3 Pseudo resistor 

Pseudo resistors (PRs) are widely used in biomedical readout ICs. PRs provide high 
resistance within the acceptable chip consumption area. A diode-connected PMOS is 
the simplest way to make a pseudo resistor, as shown in Figure 1.13 (a). Typically, PRs 
are biased in the sub-threshold region to minimize current, but the linearity is limited 
by the nonlinear of weak inversion MOSFETs [33]. Figure 1.13 (b) illustrates that the 
pseudo resistor exhibits different conduction modes for different voltage signals, 
resulting in an asymmetric voltage-current relationship. This relationship contributes 
to the nonlinearity of the pseudo resistor structure. When a 200G Ω pseudo resistor is 
placed in an ACCA (Figure 1.13 (c)), the THD at -1dBFS is only -16.5dB, which is far from 
the requirements for audio applications. The linearity of the pseudo resistor can be 
enhanced by implementing a back-to-back structure, as depicted in Figure 1.13 (d). 
This symmetrical arrangement reduces even harmonic distortion and improves the 
linearity of the overall structure [12]. Although the THD increases to -31dB, it remains 
unsuitable for audio applications. 

        
(a) (b) 

B A

B A

N-well

N+ P+ P+
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(b) (d) 

Figure 2.13 (a) Diode connected PMOS as pseudo resistor; (b) Cross-section of the pseudo resistor; (c) 
A pseudo resistor in ACCA; (d) Back-to-back pseudo resistor in ACCA 

 

The noise and resistance of pseudo resistors are highly sensitive to process and 
temperature variation due to the change in charge carrier mobility [34]. For instance, 
a 200GΩ pseudo resistor at room temperature exhibits significant resistance and noise 
contribution fluctuations at different temperatures and process corners, as illustrated 
in Table 2.1. It is important to note that a 200GΩ pseudo resistor generates less noise 
than other resistors with equivalent resistance, as previously mentioned. A preliminary 
explanation for this phenomenon is that the noise of the pseudo resistor does not 
adhere to the 4kTR formula when operating in weak inversion. In this project, the 
pseudo resistor has a zero bias and functions in the off region, resulting in considerably 
lower noise levels than other resistors with the same resistance value. Further 
investigation and validation of this observation will be conducted in future work. The 
lower noise performance of pseudo resistors offers the potential to meet low-noise 
requirements, which we will use in the following. 
 

Table 2.1 Resistance and noise contribution over temperature and process corner 

Process corner 
RMS noise 

0°C 
RMS noise 

27°C 
RMS noise 

150°C 
RDC 
0°C 

RDC 
27°C 

RDC 
150°C 

TT 500nV 3.25µV 125.1µV 1.2TΩ 200GΩ 927.6MΩ 

SS 64nV 515nV 97µV 8.17TΩ 1.08TΩ 2.7GΩ 

FF 4.95µV 24µV 133.3µV 144GΩ 27.37GΩ 218.7MΩ 

 
In summary, pseudo resistors offer an area-efficient method for achieving high 
equivalent resistance. However, their nonlinearity and sensitivity to process corner 
and temperature variations limit their application in audio systems. For more 
information about pseudo resistors, refer to [12]. 
 
An active resistor structure (Figure 2.14 ) called the active current reducer (ACR) [25] 
could help with low linearity and high sensitivity for process corner and temperature 
variation of the pseudo resistor. The basic idea of this structure is to use matched 
pseudo-resistors T1 and T2 with equal channel length and bias voltage but different 
multipliers, ensuring consistent current density in each PMOS. The multiplier of T2 is 
designed to be M times larger than T1, enabling the system to work as a linear and 
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precise current attenuator, dividing the current converted from Ratt by a factor of M. 
This structure converts the output voltage into a reduced current, achieveing an 
equivalent resistance of M*Ratt. 
 
The output noise of the active current reducer is primarily composed of two parts: 
thermal noise from the physical resistor Ratt and the noise from the pseudo-resistance 
T1. For thermal noise from Ratt, the current thermal noise is reduced by a factor of M2. 
the pseudo resistor T1 operates at zero DC bias in ACCA. Although there is no definitive 
noise model for pseudo resistors, Table 1.2 indicates that their noise contribution to 
the output is inversely proportional to their equivalent resistance value. In order to 
explore the possibility of ACR achieving the noise requirement, the smallest aspect of 
T1 has been applied, which minimizes the current noise from T1. By increasing the 
multipliers, M, to reduce the noise contribution from Ratt with the same equivalent 
resistance, the output RMS noise (Figure 2.15) will be dominated by T1. As shown in 
the chart, the minimum output noise achieved by this structure remains far from our 
noise requirements. 

 

Figure 2.14 ACCA with active current reducer 
 

Furthermore, this structure needs a large number of transistors to achieve a high 
equivalent resistance. For example, using a 10M Ω physic resistor would require 20001 
pseudo resistors to achieve 200GΩ, which consumes a large amount of chip area. 
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Figure 2.15 Output RMS noise of ACCA with ACR 

 

To reduce noise and decrease the area consumption by pseudo resistors, we use 
cascade active current reducers(CACR), as shown in Figure 2.16. The equivalent 
resistance for CACR is M1 × M2 × Ratt, and the number of pseudo resistors is M1 + M2 
compared with M1 × M2 for ACR structure. 
 

 
Figure 2.16 ACCA with cascade active current reducers 

 
The pseudo resistors T3 and T4 are made of low-voltage PMOS, while the pseudo 
resistors T1 and T2 are made of high-voltage PMOS. This kind of design allows the input 
noise of the CACR structure (the output noise of ACCA) to be suppressed by CACR’s 
closed-loop gain, and the pseudo resistor made of high voltage PMOS could achieve a 
higher impedance to reduce the noise of the structure further. By balancing the 
number of transistors and the output noise, Ratt (5.8 MΩ), M1 (138), and M2 (250) are 
chosen where the structure achieves an output RMS noise of 2µV in the worst-case, 
as shown in Figure 2.17. The noise is contributed from T3 and T1. The noise contribution 
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from T3 could be decreased by increasing the number of pseudo resistors, further 
lowering the overall noise. 

 
Figure 2.17 Noise summary of output RMS noise for ACCA with CACR at worst case 

 
Cascade active current reducers incorporate amplifiers, and the linearity of the 
equivalent resistor is related to the amplifier's gain. The relationship between the 
equivalent resistance and the amplifier's gain can be derived through Kirchhoff's 
Voltage Law (KVL) as the Equation (2.5). 
 

 T3 T1 T4 T2
eq att

T4 T2 sub2 att sub2 sub1 T3 sub1

R R R R1 1 1 1R R (1 ) (1 )
R R A R A A R A

= × × × + + × + +  (2.5) 

 
The formula demonstrates that, for an ideal amplifier, the equivalent resistance of 
CACR equals M1 × M2 × Ratt. The nonlinearity of the pseudo resistor will be introduced 
to the structure when the amplifier's gain decreases, which is also the same for the 
bandwidth. Figure 2.18(a)(b) shows the effect of different gains and bandwidths on 
the THD. It is evident that a decrease in gain and bandwidth reduces the linearity of 
the resistor. To meet the linearity requirement, the gain and bandwidth for Sub-Amp 
1 are set to 8k and 400 Hz, while those for Sub-Amp 2 are chosen as 5k and 120 Hz, 
respectively. 
 

     

     (a)                                     (b) 
Figure 2.18 (a) Gain of sub-amplifiers for the THD; (b) 3db-bandwidth of sub-amplifiers for the THD 
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The noise of the amplifier also contributes noise to the output. Rsub1 and Rsub2 serve as 
equivalent noise resistors, representing the amplifier's noise within the noise transfer 
process, as shown in Figure 2.19(a)(b). 
 

    

     (a)                                     (b) 
Figure 2.19 (a) Noise transfer process of sub1-amplifier; (b) Noise transfer process of sub2-amplifier 

 

The noise transfer function (NTF) of Rsub1 and Rsub2 can be represented by KVL as 
Equation (2.6) 
 

 

( )

( )

T2 T3 gb _ T2T3 att
Rsub1

T2 T4 fb fb

att T4 gb _ T4att
Rsub2

T4 fb fb

1 s R ||R CR R
NFT (1 )

R R 1 sR C
1 s R ||R CR

NFT (1 )
R 1 sR C

+
= + × ×

+

+
= + ×

+

 (2.6) 

 
The NTF reveals that the feedback resistor and feedback capacitor contribute to the 
pole, while the parasitic capacitor of the pseudo resistor contributes to the zero. By 
selecting the equivalent noise resistors of the Rsub1 and Rsub2 to 3kΩ and 30MΩ, 
respectively, their output RMS noise contribution to the output is 0.67µV (14% of 2µV), 
which can be negligible. The SNR is 96.7dB, and after applying and after applying the 
A-weighting filter, the A-weighted SNR is 97.9 dB, as seen in Figure 2.20. 
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Figure 2.20 Frequency spectrum before and after A-weighting filter 
 

The CACR structure achieves a high equivalent resistance with the required linearity 
and noise performance. This structure is chosen for application in this project. 

2.2 The circuit blocks of the main amplifier 

The topology of the main amplifier is based on a previously established structure [2]. 
A two-stage amplifier with Miller compensation is applied, as shown in Figure 2.21. 
 

Cc Rz

A1 A2

Vin Vout

 
Figure 2.21 a two-stage amplifier with miller compensation 

 
The first stage amplifier uses a cascode amplifier with source degeneration, as shown 
in Figure 2.22. The PMOS input and source degeneration reduce the flicker noise 
compared with the NMOS input cascode stage.  
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Figure 2.22 Cascode amplifier with source degeneration 

 
The second stage amplifier uses an inverter input amplifier to achieve a larger scale 
output swing than a cascode stage, as shown in Figure 2.23 

 
Figure 2.23 Inverter input amplifier 

 

2.3 Conclusion 

This chapter concentrates on various methods to implement high-resistance resistors. 
We have conducted behavioral simulations for feasibility verification. CACR, a way to 
achieve a high resistance, which meets the requirements for linearity and noise 
contribution, has been applied to ACCA for audio applications. The next chapter will 
discuss the simulation results and analysis of the whole circuit with the CACR at 
different temperatures and process corners. 
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Chapter 3 Simulation results  

In this chapter, the simulation results will be presented and analyzed. We will cover 
the following topics in turn: resistance, noise contribution, and linearity. Finally, a 
comparison with other designs will be made. The whole circuit is built in a 180-nm BCD 
process. The output stage employs a 1.8V voltage supply. 

3.1 Resistance variation 

Table 3.1 shows the resistance variation of CACR at different temperatures and process 
corners. For a 200GΩ equivalent resistor, the resistance fluctuates within the range of 
174.6GΩ to 234GΩ (± 20%), which is within an acceptable range. This fluctuation 
mainly comes from the physical resistor Ratt whose resistance changes by temperature 
and process corner. The measurement results also indicate that a well-matched MOS 
structure in the ACR compensates for the temperature and process sensitivity issues 
related to pseudo resistors. 
 

Table 3.1 Resistance variation measurement results 

Process corner TT SS SF FF FS 

Resistance (0°C) 203 GΩ 234 GΩ 201 GΩ 179 GΩ 217 GΩ 

Resistance (27°C) 200 GΩ 221 GΩ 200 GΩ 178 GΩ 201 GΩ 

Resistance (150°C) 196 GΩ 217 GΩ 196 GΩ 175 GΩ 196 GΩ 

 

3.2 Noise variation 

Table 3.2 presents the output RMS noise contribution of the equivalent resistance 
under varying temperatures and process corners. The best-case noise is 80 nV, and the 
worst-case is 2.1 µV. The output RMS noise variation mainly results from the noise 
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change of the pseudo resistor T1 at the output of the CACR, which is affected by 
different process corners and temperatures. Even in the worst case, the structure 
meets noise requirements due to the closed-loop gain of the two-stage sub-amplifier 
and the high-voltage PMOS's low-noise performance. 
 

Table 3.2 Noise variation measurement results 

Process corner TT SS SF FF FS 

RMS noise (0°C) 96 nV 80 nV 96 nV 119 nV 96 nV 

RMS noise (27°C) 100 nV 83 nV 101 nV 125 nV 101 nV 

RMS noise (150°C) 303 nV 121 nV 1.3 µV 2.1 µV 135 nV 

 

3.3 Linearity variation 

Linearity performance simulations use a 1kHz, -1dBFS input, and 4-Ω load. Figure 3.1 
illustrates the output spectrum and time-domain waveform across temperature and 
process corners. The THD ranges from -106 dB to -116 dB. The worst THD is -106dB, 
which is lower than the design requirement but still acceptable for audio applications. 
THD variation arises from the limited gain and bandwidth of sub-amplifiers in CACR, 
which cannot adequately suppress the nonlinearity of the pseudo resistor. Enhancing 
the gain and bandwidth of sub-amplifiers within the CACR could further optimize the 
system's linearity performance. Due to the feedback capacitor's nonlinearity, the best 
THD at the output is limited to -116dB. 
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Figure 3.1 The spectra and waveforms 
 

3.4 Comparison with other designs 

A performance summary of ACCA with CACR and a comparison with the state-of-the-
art are shown in Table 3.3 below. 
 
This work achieves a 200GΩ equivalent resistance for ACCA with a 2.1μV output RMS 
noise contribution and a worst-case THD of -106dB, making it suitable for audio 
applications. The THD is primarily limited by the gain and bandwidth of amplifiers and 
can be improved in future work. The presented design demonstrates competitive SNR 
and linearity compared to state-of-the-art solutions. 
 

Table 3.3 Comparison with the state of the art 

 This Work 03-JSSC[8] 
12-Sensors and 

Actuators[9] 
17-JSSC[14] 

20-Centurelli 

[16] 

21-VLSI 

[21] 

Resistor 

Structure 
CACRⅠ 

pseudo 

resistor 
pseudo resistor 

Duty-cycled 

resistor 

Duty-cycled 

resistor 
SCRⅡ 

ArchitectureⅢ ACCA ACCA Rf-TIA Integrator RC-filter ACCA 

ApplicationⅣ 
Audio 

application 
ECG DNA ECG ECG Acoustic 

resistance(Ω)  200G 100G 50 M 20GΩ 424.4M 100T 

Area(mm2) 0.003 4× 4 μm2 132× 84.7 μm2 0.071 0.075(total) N/A 

THD@-1dBFS -106dB -40dB N/A -74dB N/A N/A 

Bandwidth(Hz) 20-20k 0.025-7.2k 5k 200-20k 75 20-4k 

Output RMS 

noise 

contribution 

(μVrms) 

2.1 207.7 151.2 140 N/A 178.4 
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SNR(dB) 96.7 60.6 30.6 66 N/A 67.5 

Ⅰ CACR = cascode active current reducer 

Ⅱ SCR = Switched-capacitor resistor 

Ⅲ ACCA = AC-coupled amplifier 

   Rf-TIA = Resistor feedback transimpedance amplifiers 

Ⅳ ECG = Electrocardiogram 
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Chapter 4 Conclusions 

4.1 Thesis contribution 

This work contributes to audio applications by offering a solution for achieving high 
resistances with low noise and high linearity. A cascade active current reducer (CACR) 
has been proposed in this thesis to obtain a high equivalent resistance resistor and low 
cut-off frequency in ACCA with low noise contribution and high linearity. The CACR 
structure performs 200GΩ with 0.003 mm2 area consumption and ± 20% resistance 
variation. The resistor contributes 2.1μV RMS noise to the output and results in -106dB 
THD in the ACCA for a bandwidth range from 20Hz to 20kHz, meeting the SNR and THD 
requirements for audio applications. Compared to existing research, this work 
accomplishes lower noise and better linearity in implementing high-resistance 
resistors for ACCA in audio applications. 
 
This thesis presents different methods of making high equivalent resistance resistors 
for ACCA in audio applications. Different methods such as DSR, SCR, pseudo resistor, 
and active current reducer are explored to explore the possibilities of high-resistance 
resistors in audio applications, along with analysis and discussion about the 
implementation of equivalent resistance, noise performance, and resistor 
characteristics. 
 
This project combines high-resistance, low-noise pseudo resistors with current 
reducers to achieve high resistance, low noise, high linearity, and temperature and 
process corners robustness. The CACR was chosen and optimized for audio 
applications. The thesis also suggests possibilities and methods for further 
optimization of other resistor structures. 

4.2 Future work 

 
The proposed active current reducer structure meets most design requirements and 
provides a solution for high-resistance resistors in audio applications. However, several 
steps are necessary to develop a practical demonstrator: 
 
1. The THD could not fully meet the design requirements. Further optimization of the 
amplifier is needed to improve linearity performance. 
 
2. The noise performance of pseudo resistors requires further exploration and 
validation. Pseudo resistors offer lower noise than physical resistors with the same 
resistance value in simulations, which needs to be verified and further explored 
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through tape-out and measurement. A detailed noise and linearity model for pseudo 
resistors must be established to design and optimize CACR. 
 
3. Based on the previous design, the main amplifier contributes most of the noise. A 
new amplifier should be designed for high-resistance resistor feedback ACCA to 
achieve lower noise. 
 
4. The current resistance value is somewhat arbitrarily chosen. The ACCA circuit and 
acoustic design should be considered for optimized resistance value selection. 
 
This project has explored other methods of implementing high-resistance resistors. 
Although not chosen for this work, these methods may still be applied in ACCA for 
audio applications. Future research can explore these possibilities: 
 
For duty-cycled resistors, anti-aliasing filters could be applied to achieve higher 
resistance values. Implementing smaller duty cycles could increase the achievable 
resistance value. Connecting multiple DCRs may also achieve higher resistance values. 
 
For switched-capacitor resistors, anti-aliasing filters could help achieve higher 
resistance. In this thesis, a 0.125fF capacitor is created by the layout, but its reliability 
needs verification through tape-out and measurement. Exploring the implementation 
of smaller capacitors could improve achievable resistance values. 
 
Noise suppression techniques can be applied to achieve low output noise 
contributions for high-resistance resistors. 
 
Further exploration of methods for implementing equivalent high-resistance resistors, 
such as T-network resistors [35], could be valuable. Combining different methods to 
achieve high equivalent resistances is also a promising research direction. 
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