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ABSTRACT

This thesis presents the common-mode feedback (CMFB) and feedforward
techniques for low-voltage CMOS operational transconductance amplifier (OTA).
There are three different proposed low voltage rail-to-rail OTAs. The first circuit
presents a current-mode CMFB circuit with rail-to-rail operation. The CMFB is a stand-
alone circuit, which can be connected to any low voltage transconductor without
changing or upsetting the existing circuit. The proposed CMFB employs current
mirrors to operate as a common-mode detector and a current amplifier to enhance
the loop gain of the CMFB. The circuit employs a positive feedback to enhance the
output impedance and gain. The circuit has been designed by using a 0.18 um CMOS
technology (1V supply voltage) and analyzed by using HSPICE with BSIM3V3 device
models. The simulation results shows a rail to rail output swing (£0.7 V) with a tow
common-mode (CM) gain (-36 dB) and a power dissipation of 390 pW, The second
circuit presents a CMOS inverter-based class-AB OTA comprising current- mode CMFB.
The circuit employs two CMOS inverters and a complementary CMFB consisting of a
current-mode CM detector and a transimpedance amplifier. The circuit has been
designed by using a 0.18 um CMOS technology and operates at 1 V supply voltage.
The simulation results demonstrate a rait-to-rail operation with low CM gain (-15 dB).
The power dissipation of the circuit is 102.5 uW. The third circuit presents a low-
voltage OTA. Bulk-driven quasi-floating gate (BD-QFG), feed-forward and positive-
feedback techniques are employed in this amplifier. BD-QFG technigue allows the
circuit to operate at a supply voltage as low as 0.5 V, while feed-forward technigue is
used to suppress CM gain. Positive feedback is used to increase the output
impedance and differential-mode (DM) gain. The circuit performance was verified by
using CADENCE with process parameters of a standard 0.18 um CMOS technology.
The results demonstrated wide input and cutput signal swings. The DM and CM gains
are 57 dB and -41 dB, respectively. The power dissipation is 48 uw.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Nowadays, a high-performance analog circuit operating at low voltages
becomes increasingly important due mainly to the advance of the large scale
integration with complicated circuit systems and the demand for battery-operated
portable equipment. However, supply voltage reduction in analog circuits causes
several performance degradations such as degraded intrinsic gain, limited voltage
swing and less dynamic range. As a result, new circuit techniques become mandatory
to design analog circuits having sufficiently large eain with rail-to-rail capability.

The operational transconductance amplifier (OTA) is one of the most
frequently used basic cells. OTA finds many applications in many analog circuits
such as voltage comparators, analog-to-digital (ADC) and digital-to-analog (DAC)
converters, and high frequency filters [1-16]. At present, differential OTAs are often
used in industry products, since they provide improved dynamic range over their
single-ended counterparts. In addition, they can reject common-mode noise, contain
no even-order nonlinearities and increase output voltage swing. Several approaches
have been proposed to design low voltage OTA using both fully differential (FD) and
pseudo-differential (PD) configurations. FD is typically based on a differential pair with
a tail current source, while PD is based on two independent inverters without tail
current source. It is known that avoiding the voltage drop across the tail current
source, in a PD structure, allows wider input and output ranges, making the
architecture attractive for low power-supply applications. However, PD structure
requires common-mode feedback (CMFB) circuit which serves two purposes: 1) to
stabilize the common-mode voltage at high impedance nodes and 2} to suppress the
common-mode signal components. In general, CMFB senses the common-mode (CM)
output voltage, compares the result with a reference voltage and uses negative
feedback to set the CM output voltage to the value that optimizes the output
voltage swing.

In addition, OTA is required to operate with wide operating range under low
supply voltage [17-19]. Basically, key important characteristics of OTA include high
differential-mode (DM) gain, low common-mode (CM) gain, wide input and output
voltage swings, large bandwidth, and low power consumption. All these conditions

are the main goal of this thesis.



1.2 Purpose and Scope of the Study

According to the topology of a PD structure shown in Figure 1.1, Gpaand Gug
are two input transconductors and Z,. and Z,us are the equivalent output
impedances of G and G, respectively. Unlike FD structure, PD structure is based
on two transconductors without tail current source, making the PD structure suitable
for low voltage applications. However, removing the tail current source results in large

common-mode gain (A.,).

Figure 1.1 Basic structure of pseudo-differential amplifier (PDA)

In this thesis, two main designs based on pseudo differential amplifier are
proposed which are 1) PDA using current-mode common-mode feedback (CMFB) and
2) PDA using feed-forward amplifier (FFA).

1.2.1 PDA using current-mode CMFB circuit

The conceptual implementation of the proposed pseudo-differential amplifier
(PDA) with current-mode CMFB is illustrated in Figure 1.2. The proposed PDA consists
of two input transconductors (G and Gpg) and a current-mode common-mode
feedback (CMFB) network. In the design, the CMFB network comprises a common-
mode amplifier (CMA) and two output transconductors (Gmes and Gpeg). In addition,
the CMA consists of two matched resistors, two matched current mirrors, and
transimpedance amplifier (TA). The detail of this current-mode CMFB is described in
chapter 3.

|
' |
I Vema |
! i
I
Vol Ve
i
|
Vi T | T V2
Gria : i CMA i, - : GmiB !
: fo ioB |
\ 4!
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Figure 1.2 Structure of PDA using common-mode feedback (CMFB}



1.2.2 PDA using feed-forward amplifier (FFA)

Figure 1.3 illustrates the proposed structure of a feed-forward PDA. As can be
seen, a feed-forward amplifier (FFA) has been added to the PDA. The FFA consists of
two matched inverting amplifiers, that have a voltage gain of -, and two matched
feed-forward transconductors (Gmgs and Guym). The FFA serves two purposes: reduces
the common-mode transconductance (G.,) and raises the differential

transconductance (Ggpm).

Feed-Forward Amplifier (FFA)

Figure 1.3 Structure of PDA using feed-forward amplifier (FFA)

Based on the two aforementioned concepts, three proposed low voltage rail-
to-rail pseudo differential amplifiers (PDA} and their applications are presented in this
thesis. ‘

The first circuit is a class-A PDA using a current mode common-mode
feedback {CMFB) circuit and its application to an oscillator. HSPICE and BSIM3V3 is
used to simulate the proposed circuit using a 0.18 pm CMOS process to verify the
circuit performance.

The second circuit is a CMOS inverter-based class-AB PDA with CMFB and its
application to an active bandpass filter. The circuit has been designed and simulated
using a standard 0.18 pum CMOS technology and the Cadence Spectre is used to
prove the performance and robustness of the circuit.

The third circuit is a bulk-driven quasi floating cate (BD-QFG) PDA using feed-
forward technique. Feed-forward path is used to suppress the common-mode gain
and increase the differential mode gain. The circuit is suitable for low voltage
application. {ts application to multiple feedback filter (MFB) has been verified using
Cadence Spectre and a standard 0.18 pm CMOS technology to evaluate the circuit

performance.



1.3 Thesis outline

This thesis consists of five chapters presenting the theory, operation detail,
design and simulation of pseudo differential amplifiers (PDAs) using common-mode
feedback and feed forward technique. The organization of the thesis is outlined as
follows:

Chapter 1 gives a motivation and historical perspective of the low voltage
pseudo differential amplifier (PDA) and the purpose of the research. The framework
and objective of conducting this research work are also included.

Chapter 2 reviews various techniques used in the design of low voltage
analog circuit. The literature reviews on fully differential (FD) vs. pseudo differential
(PD) amplifiers, common-mode circuits, and feed-forward techniques are also
summarized.

Chapter 3 presents a design of pseudo differential amplifier (PDA) with
common-mode feedback (CMFB) and its operation. Their performance analysis and
simulation results of the proposed PDA are verified via HSPICE and Cadence Spectre.

Chapter 4 presents a design of a low voltage BD-QFG PDA. Its principle of
operation and performance analysis is also included. Cadence Spectre is used to
simulate the circuit and the simulation results and discussion is provided.

Finally, Chapter 5 contains a summary of the research presented and
discusses the possible directions for future research of the PDA using common-mode
feedback and feed-forward techniques.

Appendix A The differential mode and common-mode output impedance of

the PDA

Appendix B The differential mode and common-mode transconductance of

the PDA

Appendix C Frequency response of the PDA

Appendix D Noise analysis of the PDA

Appendix E Transfer function of bandpass-based oscillator

Appendix F Transfer function of MFB filter

Appendix G List of publications



CHAPTER 2
LOW VOLTAGE ANALOG CIRCUIT DESIGN TECHNIQUES:
A LITERATURE REVIEW

2.1 Introduction

Large scale integration in large complex system and increasing demand for
battery-operated portable equipment necessitate the use of high performance
analog circuit that can operate at a lower supply voltage. Unfortunately, reduction of
supply voltage especially in an analog circuit causes performance degradation such
as degraded intrinsic gain, limited voltage swing and narrow dynamic range. As a
result, new circuit techniques must be employed so that an analog circuit can
operate under such stringent conditions, yet maintain good performance.

In the past, CMOS circuits operated at relatively high power supply levels.
Analog designers were able to use the large voltage headroom which was given
to develop circuit techniques in order to meet the increasing demand for high
performance electronic applications. Increasing the speed and accuracy of CMOS
circuits was the first priority, while power consumption can be compromised. Over
the past several years, the CMOS design has changed and analog designers must
contend with shrinking power supplies and the need to reduce the power
consumption.

The reduction in power supply voltage and the need for less power hungry
circuits come from two main reasons. The first is the increase in demand for system-
on-chip (SoC) applications where an entire system is integrated on a single chip.
While most of the signal processing in SoC applications will be handled by digital
circuits, analog circuits will always be needed to interface with the real world [20].
The main push in developing new CMOS processes is to decrease the size of the
devices so that the functional density of the digital chips increases. The decrease
in device size has the added benefit of reducing capacitances and increasing the
intrinsic speed of the transistors, However as MOS transistor size is scaled down, the
thickness of the gate oxide is reduced. As a MOS transistor has a thinner gate oxide,
in order to prevent the transistor from a breakdown due to higher electrical field
across the gate oxide, and to ensure its reliability, the supply voltage needs to
be reduced.

A second reason for the decrease in power supply voltage has been the
increased demand for portable electronic devices as well as remote wireless sensors
and implantable biomedical devices. Electronic equipment such as hearing aids, cell
phones, and multimedia players all run off batteries and require low power



consumption in order to increase the time before the battery must be recharged
[20]. Lower power consumption would also allow for smaller and lighter
batteries, which make up a relatively large portion of the area and weight of
portable devices. The easiest and often most effective way to decrease the power
consumption in a circuit is to decrease the power supply voltage.

While reducing the power supply of submicron processes has improved
the performance of digital circuits, it has caused difficulties for analog designers due
to the reduction in available signal swing. This problem is magnified due to the
fact that the threshold voltage (V1) of the transistors has been reduced at a slower
rate than the power supply voltage. The Vi, has been kept high in, order to maintain
a good on/off current ratio, as well as to reduce the static leakage current in digital
circuits. A plot of the power supply voltage (Vpp) and threshold voltage (V) of
CMOS processes down to the 90 nm node is shown in Figure 2.1 [21]. The reduction
in available signal swing has made it difficult for analog designers to meet design
specifications such as dynamic range, gain, linearity, signal-to-noise ratio (SNR), etc. If
standard analog design techniques from the past are used in the new low voltage
processes, the dynamic range and SNR will degrade due to the decreased signal
swing and relatively constant noise floor [22]. The gain of devices such as amplifiers
will also decrease because cascode transistors can no longer be used due to the
large voltage they require to keep their transistors in saturation. The reduced signal
swing will also make it difficult to design rail-to- rail input circuits due to the large
Vry which must be overcome. In order for analog designers to continue to meet ever
increasing performance specifications, they must invent new low voltage design

techniques to overcome all these obstacles [20-23].
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Figure 2.1 Supply voltage (Vpp) and threshold voltage (Vny) vs. technology generation



Obviously, low—voltage (LV) low-power (LP) analog circuits have received
significant attention and have become increasingly important in the electronic
industry. Since the threshold voltages of standard CMOS technologies are not
expected to be decreased much below what is available today, several design
techniques exist for LV LP analog circuit design. However, only a few of them have
found their way in modern designs, for instance, transistor operating in the sub
threshold (weak inversion) region, level shifter technigues, self cascode structures, BD
{Bulk-Driven) technique, Floating-Gate (FG) approach and Quasi-Floating-Gate (QFG)
[20-48].

It is well known that the lower transconductance value of BD, FG and QFG
leads not only to lower bandwidth but also to higher input referred noise in
comparison to Gate-Driven (GD) transistor. Ancther issue is that the FG and QFG
techniques cannot process DC signals, since their input terminals are capacitively
connected to the floating gate and quasi floating gate, respectively. Also, due to the
input capacitors the silicon area requirements of FG and QFG are increased. A new
circuit technigue has come up in order to combine the advantages and eliminate the
disadvantages of the BD and QFG techniques. This interesting technique is Bulk-
Driven Quasi-Floating-Gate (BD-QFG) [49-50] and they are created by combining the
BD with either the QFG techniques.

2.2 Low Voltage Analog Design Techniques
2.2,1 Bulk-Driven MOSFET (BD-MOSFET) [21 - 34]

Bulk-driven MOSFET (BD-MOSFET) concept was first proposed by A.
Guzinski et al in 1987 [34]. After that, BD technique has been adopted to
implement a number of analog building blocks such as operational amplifiers,
current mirrors, current conveyors, operational transconductance amplifiers, voltage
followers, voltage to current converters, buffers, voltage-controlled oscillators, and
phase-locked loops. The Bulk-Driven PMOS symbol and its cross—section are shown

in Figure 2.2.
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(a) (b)
Figure 2.2 Bulk-driven PMOS: (a} symbol and (b) cross-section



Since the bulk contact serves the function of the gate of JFET and modulates
the channel width according to the voltage applied to the bulk (see Figure 2.2(b)),
BD-MQOSFET is considered as a depletion type device. For P-channel (N-channel),
BD-MOSFET can work in positive (negative), zero or slightly negative (positive) biasing
condition.

in BD technique, a bias voltage is applied to the gate of the MOS Transistor so
a channel is established between the source and the drain. This channel remains
constant as long as the gate bias voltage is still the same, as the case for BD
technique. On the other hand, the signal is applied to the bulk contact. By this way,
the lmitation of threshold voltage on the signal pathway is eliminated;
consequently, the applicability of any analog cell to a very low supply voltage is
possible to be extended.

The practical effect of forward biasing the bulk-source junction is to reduce

the Vg of the transistor, which is given by

Vi = Veo+ 7 {2 +Veal = 28] (2.1)

where Vi is the threshold voltage, Vis is the bulk-source voltage, Vi is the
threshold voltage at zero bulk-source voltage, y and 4. are the bulk-threshold
parameter and the surface potential, respectively.

In the Gate-Driven MOSFET, the signal is applied to the gate terminal. The
threshold voltage requirement appears as an obstacle facing the input signal. BD-
MOSFET is Based on a different method, where the signal is applied to the bulk
terminal after biasing the gate terminal to sufficient voltage, thus the threshold
voltage in this set up is removed from the signal path. In other words, in a
conventional GD-MOSFET, the current is acquired when the gate source voltage
overcomes the threshold voltage, while in BD-MOSFET, gate source voltage remains
constant and the input signhal is applied at the bulk terminal.
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Figure 2.3 CS amplifier based on (a) BD-MOSFET and (b) GD-MOSFET



Figure 2.3 shows the common-source (CS)} amplifier based on GD and
BD-MOSFET where the input signal is applied to the gate and the bulk of transistor

Msp and Mpgp, respectively.
To study the small signal equivalent circuit of BD-MOSFET in comparison

with the small signal equivalent circuit of ¢ate-driven MOSFET (GD-MOSFET), BD
and GD common-source (CS) amplifiers are shown in Figure 2.4 (a) and (b), and the
small signal equivalent circuits at high frequencies of the CS amplifiers are shown in
Figure 2.5 (a) and (b).
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Figure 2.4 Small signal equivalent circuits of the CS amplifier based on:
a) GD-MOSFET and b) BD-MOSFET
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Figure 2.5 Small signal equivalent circuit at high frequencies of the CS amplifier based
on: a) GD-MOSFET and b) BD-MOSFET

The transconductance (g} of GD-MOSFET which operates in strong inversion

is given by

4
8u =k Vs =V7) (2.2)

where k is the current gain factor of the used process. However, the bulk

transconductance of MOSFET is given by
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Cbc y

oo = En =8, "N = (02 - 0'4)gm
’ Cgc 2\/’2¢F _VBSI

where Cg., Coc and 7 are the total bulk channel capacitance, the total gate channel

(2.3)

capacitance and the specific parameter, respectively.
The total bulk channel capacitance C,. of the MOSFET is given by

C, =WLC, (2.0)

where ( is the zero bias junction capacitance
The total gate channel capacitance C, of the MOSFET is given by

C, =WLC, (2.5)

where C,, is the oxide capacitance per unit area
The f7 (transition frequency) is defined as the frequency where the magnitude

of the short circuit, common source current gain falls to unity. However, the fr for GD

and BD-MOSFET is respectively given by

g
=2 (2.6)
Jr.op > Cgs

where C, is the gate source capacitance, and

Ems
= m (27)
fT,BD 272— (Cbs + Cbsub + de )

where Cy, is the bulk-source capacitance, Cyy is the bulk-drain capacitance, and Cyqyp
is the bulk-substrate parasitic capacitance, respectively.
From (2.6) and (2.7) the relation between both unity gain frequencies is given

by

g mb CSS CS-T
- _ ~ (0.3 0.5 (2.8)
fT’BD g n Cbs + Cbsub + de fT.GD 7 Cb_v + Cbsub + de rep ( )fT.GD

From (2.8) it is obvious that the transition frequency of BD-MOSFET is smaller
than the transition frequency of GD-MOSFET, since the transition frequency is
proportional to the transconductance, as well as the effect of the parasitic

capacitances.
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The input referred noise power spectral density of GD-MOSFET is expressed
by

:2

2 LT3 (2.9)

vnaise,GD = 2
m

where i, is the total drain current generated by noise sources and its unit is 4°.

The input referred noise power spectral density of BD-MOSFET can be expressed by:

2
v:oisc,BD :( gm J v:ofm,GD (210)
g mb

From (2.10) it is-obvious that the BD-MOSFET suffer from the higher value of
input referred noise, since g, is inherently smaller than g,
The output resistance r, for GD-MOSFET and BD-MOSFET are identical and

given by

r=—= (2.11)

where A is the channel length modulation coefficient and /psar is the drain source

current in saturation.

Advantages

- As mentioned, bulk-driven PMOS works in positive, zero or slightly negative
bias voltage also. This can lead to larger input common mode voltage range and
voltage swing.

- Depletion characteristics avoid Vg requirement in the signal path.
Voltage swing for low voltage supply is increased, and minimum operational supply
voltage is pushed to its limit.

- This technique offers a possibility of using the conventional gate to
modulate the BD-MOSFET since the transfer characteristic changes greatly with
different Vs, because Iy is more sensitive to Vs than to V..

- Better linearity and smaller power supply requirements because of the
small value of the bulk transconductance (g} of the MOSFET.

- Suitable for rail-to-rail applications.

- Can be modeled using the conventional MOS transistor.
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Disadvantages

- The transconductance of the bulk (g} is typically 20-40% of the
transconductance of a conventional gate-driven (g,) based on long—channel
theory. This as shown in equations limits both the intrinsic gain and the cut-off
frequency of the device, and increases the equivalent input noise voltage.

- The polarity of the BD-MOSFETs is process related; only BD-NMOSs are
available for P-well process, and on the other hand, only BD-PMOSs are available for
N-well process. This limits the applicability of this technique since we cannot use
BD-MOSFET transistors in some circuit structures which require both NMOS and
PMOS.

- Bulk terminals of all BD-MOSFETs usually have to be isolated, so it is
necessary for each BD-MOSFETs to reside within its own separate well for many
applications. Accordingly, the BD-MOSFET consumes more area than its GD
counterpart does and further suffers from a degraded frequency response due to the
added input capacitance from its well structure. More than that, the matching
between BD-MOSFETs in differential wells suffers. Thus analog circuits with tight
matching between MOSFETs are difficult to fabricate.

- When Vg is critically large {more than the turn-on voltage of the bulk-
channel PN junction diode), latch-up incurs.

2.2.2 Quasi Floating Gate MOSFET (QFG-MOSFET) [35 - 48]

The quasi-floating-gate MOS (QFG-MOSFET) transistor is a device that operates
in a very similar way to the FG-MOSFET, but it allows biasing the floating cate at a
specific dc voltage while maintaining all the ac properties of the FG-MOSFET. Unlike
the FG-MOSFET device, the QFG-MOSFET does not have issues with trapped charge,
simulation or new technologies.

Several low voltage circuit applications have been designed utilizing the QFG-
MOSFET, such as the differential OTA, current mirror, transconductors, current
conveyors, filters, and linear MOS resistors.

The symbol of single input terminal QFG-MOSFET shown in Figure 2.6 (a). The
input terminals are capacitively coupled to the quasi-floating-gate, but the DC gate
voltage is set to Vs without requiring a large capacitor.

The floating gate of the QFG-MOSFET is weakly connected to a proper bias
voltage using a large value resistor Rigg, which is usually implemented by a large
resistance of a reverse biased junction of a diode connected MOS transistor (MR)re)

operating in the cutoff region as shown in Figure 2.6 (b). The equivalent circuit of

Figure 2.6 (b) is shown in Figure 2.6 {c).
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Figure 2.6 Single input QFG-MOSFET a) symbolic with Rigge, b) symbolic with MRigre,
) equivalent circuit of (b)

VB
—O0

Simitarly to FG-MOSFET, the QFG-MOSFET can also be fabricated in all CMOS
technologies, nevertheless, the double poly technology is recommended to acquire
better results.

The input terminal (V,,) is capacitively coupled to the QFG just like in the FG-
MOSFET case, but the DC gate voltage is set to Vi independently of the DC level of

the input voltage. A simple analysis reveals that the AC voltage at the QFG is given
by

SRla ¢

large ~"total
where Cioior is the total capacitance, and is given by

C,

total

=C,+Cy+C, +Cy +Cy (2.13)

As can be observed from (2.12), the input is a high pass filter with cut-off
frequency:

1
" 27xR. C

large ™ rotal

/. (2.14)

The value of the cut-off frequency is very low, in the range of sub-hertz, as
long as Rigge remains large enough (in the order of Giga-Ohms), in order not to
influence the circuit operation at the lowest required frequency [45, 49]. However,
this equation confirms the incapability of QFG to process DC signals.

Note from (2.12) that inputs are high-pass filtered with a cutoff frequency
1/2zR,  C which can be made very low. Note also that the exact value of

Targe ~total *

Riage OF its temperature and voltage dependence are unimportant, provided that
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Riage remains large enough not to influence the circuit operation at the lowest
frequency required. The exact value of Ciy is also unimportant.
Due to a large value of R even at low frequencies, (2.12) can be

simplified as follows:

I
Vorg = —=—(Co Vi + CoaVp + Col¥s + Cop¥s ) (2.15)

total

Note from (2.15) that the voltage at the floating gate becomes a weighted
averaging of the AC input voltages determined by capacitance ratios when the
parasitical capacitance is negligible.

For NMOS (PMOS), the pull-up (pull-down) resistor R4, Sets the gate to a
DC voltage equal to the positive (negative) rail, to which an AC voltage given
by (2.12) is superimposed. Hence, the gate voltage can become more (less) than
Vbias. This does not pose a problem as long as the amplitude of the signals is
(approximately) limited to 0.5 V in order to avoid forward biasing of the junction
implementing R, so that it never becomes forward-biased. For larger signal
amplitudes, utilization of two reverse-biased junctions in series can increase the
maximum signal amplitude.

The relation between the effective transconductance (gne0) of the QFG-

MOSFET and the transconductance (g,,) of GD-MOSFET is given by:

C.
gm,eﬂ’ = C = gur ~ (05— 0-6)8,,, (216)

toral

However, the gy er of QFG-MOSFET is larger than the g,y of floating gate
transistor, but still smaller than the transconductance of conventional GD-MOSFET.
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Figure 2.7 Quasi floating gate MOSFET: (a) common source amplifier with single input
terminal, (b) small signal model equivalent of (a).
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Figure 2.7 shows the common source amplifier based on QFG-MOSFET in
(@) and its small signal equivalent circuit in (b), where the previous capacitors are
shown, however the floating gate-bulk capacitance is ignored, because it has no
influence on signal path. The operation principle of the QFG-MOSFET is similar to
the FG-MOSFET.

The effective output conductance of QFG -MOSFET is greater than the
output conductance of GD-MOSFET, and it is civen by

o
go,eﬂ' = C gd

1otal

gm +ga (217)

The effective transconductance of QFG-MOSFET is larger than the effective
transconductance of FG-MOSFET but, it is still smaller than the transconductance of
conventional GD-MOSFET. It is given by

C
ey = C g, (2.18)

total

The transition frequency (fy) of QFG can be expressed as

gmr.gff
=—°m _ (0.5—0.6 (2.19)
Jr.ora 27(Cpy +C,) ( )

The relationship between the input referred noise power spectral density of

QFG-MOSFET and GD-MOSFET is given by

2
C
2 — | Ztorat 2
vnoi:e,QFG - [ C‘:a vnoise,GD (220)

It is obvious from this equation that the relation between QFG-MOSFET and
GD-MOSFET in term of (input referred noise power spectral density) is the similar to
FG-MOSFET and GD-MOSFET since the input signal path in both MOSFETs is the
same. However, QFG-MOSFET suffers from higher input referred noise than GD-
MOSFET but still smaller than FG-MOSFET since Crotators < Crotatrs:

Advantages
- No initial charge trapped at the floating gate.
- Does not need a programming technique as FG-MOSFET does.
- Consumes smaller occupied chip area than FG-MOSFET does.
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- Higher effective transconductance and transition frequency than the FG-
MOSFET.

Disadvantages

- Larger effective output conductance than the effective output
conductance of FG-MOSFET and the output conductance of GD-MOSFET.

- Floating cate voltage must not exceed the cut-in voltage of the p-n
junction of the diode connected transistor MR-

- High—pass filters the applied signal.

2.2.3 Butk-Driven Quasi-Floating-Gate MOSFET (BD-QFG-MOSFET) [49-50]

The bulk-driven (BD) and quasi-floating-gate (QFG) techniques are quite
suitable for ultra LV LP applications mainly battery-powered implantable and
wearable medical devices. Although they offer design simplicity and good
performance, they still suffer from several drawbacks. The QFG MOS transistors have
lower transconductances and transient frequency values than the conventional
gate-driven (GD) MOS Transistor. Regarding the BD technique, it has much lower
transconductance and transient frequency values than the conventional GD-MOSFET.

Therefore, novel techniques BD-QFG MOSFET were introduced by Khateb,
these techniques appear as atiractive approaches to overcome the above
mentioned drawbacks of the BD, and QFG technigques. To illustrate the principle of
the BD-QFG MOSFET using N-well technology, Figure 2.8 shows its symbol and the
realization in MOS technology.

S S
I !
Cin Cm
G o—»—l —0 3 G o—«{ —o0
R!arge m]nrge .
D
v,

bias bias

(a) (b)
Figure 2.8 BD-QFG MOSFET: (a) symbol and (b) realization in MOS technology

As shown in Figure 2.8 (a), the input-gate (G) is also connected to the bulk-
terminal (8) of the QFG MOSFET and the bias-gate (Vi) is connected to a suitable
bias voltage through a large resistor (Rjge) which is practically realized by
MOSFET operating in the cutoff region {MR...) as shown in Figure 2.8 (b). The input
terminal (G) is capacitively coupled via G, to the QFG terminal from one side and
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than FG-MOSFET, also the transconductance of the BD-QFG MOSFET is larger than
QFG-MOSFET,

Advantages
- Higher transconductance (g,)and transition frequency (fr)than BD,
QFG techniques.
- Can process DC and AC signals,
- Low supply voltage reguirements and power consumption.
- Threshold voltage requirement is completely removed from the signal path.
- Rail-to-rail voltage swing capability.

Disadvantages
- Lower transconductance, transient frequency and output impedance than

GD-MOSFET.

- When Vs is critically large (more than the turn-on voltage of the bulk-
channel PN junction dicde}, latch-up incurs.

- BD-QFG MOSFET consumes larger silicon area cormpared with the MOS
transistor due to the added input capacitors.

- In BD-QFG, the FG voltage must not exceed the cut-in voltage of the p-n

junction of the diode connected transistor MRig .

2.3 Pseudo Differential Amplifier (PDA) and Common-Mode Control

Methods
In analog and mixed signal processing, fully-differential (FD} structures are

often used due to their better dynamic range (larger signal swing, better distortion
performance, and better common-mode rejection) over single-ended (SE) structures.
For applications of low power supply voltages and large signal swings, pseudo-
differential (PD) structures become attractive since they avoid the voltage drop
across the tail current source. But PD structures have the same low frequency
transconductance for both differential and common-mode signals. Therefore, the use
of PD structures requires a careful and efficient control over the cormmon-mode
behavior of the circuits.

in this section, discusses and literature reviews of the pseudo differential
armplifier (PDA) and the CM control methods which includes: 1) common-mode

feedback (CMFB) and 2} common-mode feedforward (CMFF).
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2.3.1 Pseudo Differential Amplifier (PDA) Structure [51 - 53]
The topology of a generic fully-differential transconductor is presented in

Figure 2.10 (a). On the two branches of transconductor are represented the two
active devices, having the transconductance G,,. The two input signals v and v;; can

be expressed as

T, _ vr:m vid' vid
I = + Gm TA m
Z, 2 2
V.
. id
Vit = Ven + ?

V.,
A id
i,=Gyv -G 24

m et moom m 2

, V;
i, =Gy +G -2
2

()
Figure 2,10 (a) Fully differential amplifier (FDA) (b) Pseudo differential amplifier (PDA)

= vicm + '51 (224)
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- Via
Vo =V, Y (2.25}
where Vi, is the input common-mode signal, and vy is the input differential-mode
signal. In the fully-differential configuration, the rejection of the common-mode
signal is achieved by the large output impedance Zp (Zp=R;||Cp) of the tail current
source, especially at relatively low frequencies.

Pseudo differential (PD) structure is used at low supply voltages because PD
structure avoids the voltage drop across the tail current source as shown in Figure
2.10 (b) {51-53). It achieves large signal swing by avoiding the voltage drop across tail
current source, but it needs efficient common-mode control circuitry to reject
common-mode signal.

In the desien of pseudo differential transconductor, one of the important
characteristics is linearity. The PD transconductor shown in Figure 2.10 (b) can be
seen as a combination of two parallel single-ended branches. If we consider the
nonlinear voltage-to-current conversion, the drain currents of two stages (/, and /)

can be generally expressed as

I, =IB+gm(vil)+g2(vr'l)2+g3(vil)3 (2.26}
L=1,+g,(,)+ gz(vsz)2+g3(";z)3 (2.27)

where /g is the bias current, and v, and v,, are the input signals as expressed in
equations (2.26) and (2.26). g, and g, are used to represent the transconductor
non-linearity. Notice that higher order harmonics (greater than third-order) are

neglected here.

The output differential current (i,pp) for the PD structures can then be

calculated as

ia,PD = gmvid + 2g2vidv1'cm + g3 (BVFdV;m +vr3:{ /4) (228)

If the same expression is derived for the FD structure (/; + /; = const.), the

output differential current (i, #p) is

2
io,FD = gmvid - [-gé- - %Jvr::‘ (229)

m

By comparing the above two output differential current equations, PD
structure presents an additional distortion term due to common-mode signal. In
particular, even-order terms can appear due to the product of the differential and
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common-mode signals. To minimize this effect, the transconductance of the PD
structure should be designed as linear as possible. Also an efficient common-mode
control circuitry is essential to cancel the effect of common-mode signal on its
output response. Especially, common-mode feedback (CMFB) and common-mode
feedforward (CMFF) circuitry is essential.

2.3.2 Common-Mode Feedback {CMFB) Circuits [54 - 82]

Figure 2.11 illustrates conceptual architecture of the use of common-mode
feedback (CMFB). The basic idea is to sense the level of the output CM voltage,
compare it with a reference voltage and feedback the CM cormrection signal to the
differential amplifier. The correction signat is the difference between output CM
signal and the reference voltage (V). There are two approaches to design CMFB
circuits. One is the continuous-time and the other is the switched-capacitor. Although
switched-capacitor CMFB (SC-CMFB) circuits [54-56] do not impose any limitation on
the output swing of the differential amplifier and have enough accuracy and low
static power consumption, they reduce amplifier's unity gain frequency and slew rate
and also occupy large area. Moreover, SC-CMFBs suffer from clock feed-through and
channel charge injection errors and increase amplifier's load capacitance. Hence, SC-
CMFBs are usually used in switched-capacitor applications rather than continuous-
time applications. [n spite of the lower linearity and output swing of the continuous-
time CMFB (CT-CMFB) circuits compared to the SC-CMFBs, do not load differential
amplifier considerably and they are faster and occupy smaller area.

Vil o——x o Voi
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Figure 2.11 Conceptual architecture of CMFB circuit

Several approaches have been proposed to achieve CMFB [54-82]. Simple
resistive divider CMFB circuits use resistors to average the voltages of the two
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differential nodes and send the result to a differential pair to compare with Ve [57-
61}, (as shown in Figure 2.12). This technique reduces the common-mode voltage
error caused by the nonlinearity of the differential pair. The voltage swing ranges are
not limited by the differential pair, and hence, more voltage swing is allowed without
a significant offset of common-mode wvoltage. The disadvantage of the resistive
divider CMFB is the requirement of large-valued resistors. Not only do these resistors
require more silicon area, but they also load down the output and cause a reduction
of the gain. Moreover, they affect output impedances, which are very critical in
current-mode systems since they influence the pole and zero locations.

M
CM Detector
- ' 4 Q vo!

'Rl
Differential L_I
Amplifier R,
+ . o Vo2

Figure 2.12 Simple resistive-divider CMFB circuit;

Figure 2.13 illustrates the schematic of a folded cascade amplifier with MOS
resistive network CMFB circuit [62]. The input transistors (M,;-M,) and the active load
transistors (M;-M,) are biased in the saturation region. Therefore, it is necessary to
adjust the current of the transistor M,, to twice that of the current passing through
Ms or My. Any variation in biasing voltages Vg or Vg, causes a large voltage change at
the output (v,,; and v,,). In order to compensate bias voltage variations, often CMFB
circuits are used. Since the tail current transistor (M;,) is a PMOS transistor, it is
possible to apply feedback voltage to its body to counter the biasing voltage
variations. Two PMOS transistors (Mg-Myo) are employed to detect the common
mode voltage. These two transistors act as two resistors and are of the same size.
The feedback voltage (veye) is constant for differential voltages and changes only if
the output common mode voltage changes. Feedback voltage (veye) is applied to
change the body voltage of the tail current source transistor My;. However, the circuit

has quite low output impedance and high common gain.
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Figure 2,13 Schematic of the folded cascode amplifier with embedded CMFB
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Figure 2.14 MOS transistor as a common-mode feedback circuit

To solve previous problem, Methods of employing MOS transistors as CMFBs
were proposed in [63-71]. The CMFBs consist of common-mode (CM) detector and
one stage amplifier. For the conventional CMFB circuit shown in Figure 2.14 [70], the
matched differential pairs My., and M4 connect to the amplifier output v,,; and vy,
sense the CM output voltage [Ve.= (V,+V,2)/2] of the amplifier, and compare v, with
the desired CM output voltage (Vo). A negative feedback loop sets v, to be about
equal to Vg, by adjusting a bias current in the amplifier that is related to the CM
control signal output of the CMFB circuit, which is iem licu=/la+8m(Voc-Veul] in Figure
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2.14. Nevertheless, the CM gain of the circuit is quite high and, in addition, the output
swing is limited.

The proposed CMFB circuits in [71-77] are the two-stage common-mode
amplifiers as shown in Figure 2.15. The first stage is composed of M-M; and current
sinks. The second stage is composed of Mg—M;;. By using a two-stage structure, the
difference differential amplifier (DDA) CMFB design is not forced to trade-off between
gain and input voltage range. The first stage can be optimized to have a wide range
to accommodate the input voltage swing, while the second stage can be optimized
to have a large gain. A cascode output stage design (Mg-My;) enables this CMFB to
have a very high output impedance, retaining the high-impedance property of the
two differential nodes. This two-stage structure, however, introduces two low-
frequency poles and has a stability problem. These two poles are introduced by
node A {the two differential nodes) and node B (connection between first stage and
second stage). A special compensation scheme is required to stabilize the loop (not
shown in Figure 2.15). The resulting common-mode gains are quite low. The problem
with this structure is the limited output swing and potential oscillation problem. In
addition, bipolar transistor technotogy in [72] is not compatible with the well-known
CMOS technology.
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Figure 2.15 Two-stage MOS CMFB circuit for fully differential OTA

Low common mode gains with good output swings were obtained using the

complementary CMFB [78-81]. Figure 2.16 shows the schematic of the CMFB circuit
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and part of the main amplifier. Both NMOS and PMOS differential pairs are used so
that the CMFB circuit still works properly with a large differential input. The common-
mode feedback (CMFB) circuit has two gain stages. The first one is from the input to
node veye and the second one is from node vy to the main amplifier output (Ve
and vg,). Thus, the loop gain of the CMFB circuit is much higher than that of a
previous singte-stage CMFB circuit. Miller capacitors are used to stabilize the CMFB
circuit {not shown in Figure 2.16). However, the circuits are complex and require high
power consumption. Additionally, NMOS and PMOS with the same threshold voltage

and transconductance are required, which may not be true in general.
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Figure 2.16 Schematic of the complementary CMFB circuit

The transconductor with positive feedback was used in [82-84]. Figure 2.17
shows the schematic of the Nauta transconductor [83]. It consists of six CMOS
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inverters, which has no internal nodes and has a good linearity in V- conversion if
the factors of the NMOS and PMOS transistors are perfectly matched. The signal
amplification is performed by two matched inverters Invl and Inv2 both with =2,
The common-mode level 6f the output voltages v,; and v, is controlled by the four
matched inverters Inv3-Invé. For simplicity the transconductances (g,/) of these
inverters are assumed for the moment to be constant (5,=/4,). The output current of
the single CMOS inverter with £,=£, =£,, can be given by

iom‘ = gm (vr‘d - VC') (230)
where

gm :ﬂinv(VDD +VTP—VSS_VTH) (231)

VCzVDD+VSs+VTP+Vm (2.32)

2
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<
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Figure 2.17 Nauta transconductor circuit

The Inverters Invd and Inv5 are shunted as resistances connected between
the output nodes and the common-mode voltage level V.. The values of these
resistances are 1/gy,e and 1/gms. Inv3 and Invé inject currents gys(Vevo) and gpelVe
V,2), respectively, into these resistances.

The result for common-mode output signals is that the output node Vv, is
virtually loaded with a resistance 1/¢,s+8ms and the output node v, with a virtual
resistance 1/(g,s+6xma). For differential output signals the output node v, is loaded
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with a resistance 1/(gns-¢me) and the output node v, is loaded with a resistance
1/@ma—gm3). If the four inverters have the same supply voltage and are perfectly
matched, all the transconductance {g,,) are equal. Thus the network Inv3-Invé forms
a low-resistance load for common signals and a high-resistance load for differential
signals, resulting in a controlled common-mode voltage level of the outputs. The

circuit shows quite high common-mode gain (A, =—6 dB).

2.3.3 Common-Mode Feedforward (CMFF) Circuits [85 - 86]

A common-mode feedforward (CMFF) circuit was first proposed in [51]. The
configuration of pseudo-differential amplifier (PDA) with CMFF uses a separate
transconductance (G,,) for common-mode (CM) detection, as show Figure 2.18 [51,
86]. This technique consists of adding a parallel replica transconductor whose CM
transconductance is equal in magnitude to that of the main transconductor but
whose differential transconductance is zero. If the output current of this CM
transconductor is subtracted at the output nodes of the PDA, a feedforward
cancellation of the CM input signal is performed while preserving the overall
differential transconductance. Provided that the CM response of the two parallel
paths match perfectly, the structure exhibits an ideally infinite CM rejection.

Vo =View TV, /12

" Gm (VICM + v.ld / 2) G"'vid /2 5
Vis =View -V, /2 — ’e)
o o— — —
GV, —-v /2
w Vicas ,d ) -G, v, /2
GmI/IC'M
.4.,_.
4——
GmI/ICM

Figure 2.18 Common mode feedforward configuration

A circuit implementation of the PDA with CMFF reported in [53, 86] is shown
in Figure 2.19. The currents through the two branches of the differential pair can be

written as
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Figure 2.19 Circuit implementation of the PDA with CMFF
i] = icm +Ii2d— = gmvx'l (233)
=i~y (2.34)
2
where the input voltages v;; and vj, are given by
Via
Vi =View +_2— (2.35)
Vo = View v_;' (2.36)

From Egs. (2.33)—(2.36), the differential and common-mode currents are given

by
Ly =i =t =g, (v —Vv,) = 8V (2.37)
= J;z =8,V icu (2.38)
where

gm = auCax %(VC - VTH) (239)
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Using CMFF, the currents at the two differential outputs of the circuit shown

in Figure 2.19 are

iol = icm - i2 = lﬁ (240)
2
R
i,=i —i=—"2 (2.41)
02 (2] 1 2
Therefore,
iol - ia?. = iod = gmvid (242)

According to (2.42) the differential transconductance of the circuit presented

in Figure 2.19 can be expressed as: G,=g, where g, represent the

transconductance of the each transistor which form the input differential pair.

From Figure 2.19, M; and M; are the core of the transconductor. Mll is used
to detect the input common-mode signal and convert it into common-mode current.
This current flows through le and is mirrored into the main transconductor. The
resulting current then cancels the common-mode current generated by M, and as a
result suppresses the common-mode gain. Straightforward circuit analysis shows that

the current flowing into the output nodes of the transconductor is

Loy = EatViem — gmlvicm'_—gmz—— (243)

oo
Em2 T 8o T 802

gml (gal +g02) (2.44)
ng + gﬂl +g02

=V

fctn *
The common-mode gain Agp, is

Acm - vacm = gml (gol +go2) . 1 (245)
vicm ng +gal +g02 gal +g02

It can be seen from (2.43) that the output common-mode current iy, is
nonzero, which is mainly due to finite output transconductance of the transistors.

The common-mode ¢ain can be derived and shown as
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Ay =—Em_~ (2.46)
gm0t En

It is clearly seen that the common-mode feedforward reduces the common-

mode gain to approximately equal to one.

The schematic of the pseudo differential OTA in Figure 2.20 is proposed by

[85]. The currents at the two differential outputs of the circuit can be expressed as

io=i—i =i, (2.47)
i, =0 =i =i, (2.48)
= [T [:u I
Vol Vg2
o ! )

e e e s e g

Vil Vi2

Figure 2.20 Pseudo differential OTA proposes by Edgar [85]

From Egs. {2.47){2.48), the difference between two output current is given by

i - i02 = ziod = zgmvid (249)

ol

According to Eg. (2.49), the differential transconductance of the circuit

presented in Figure 2.20 can be expressed as

G,=2g, (2.50)
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where g, represents the transconductance of the each transistor which form the
input differential pair. It is obviously that the differential transconductance value of
the circuit is twice higher than that of the circuit presented in Figure 2.19, both circuit

having the same number of identical transistors.

2.3.4 Common-Mode Control Circuit Using Both CMFF and CMFB [87-90]

The combination of a CMFB and a CMFF for the CM control is one interesting
technique for pseudo-differential architectures as shown in Figure 2.21. This
configuration includes the common-mode feedforward (CMFF) circuit required to
reject the input CM signals and supply noise, while a conventional common-mode
feedback (CMFB) circuit to fix the common-mode output voltage.

Vil o N
+

T O Vo]
Gy < CMFB
-_ L 0 V2

Vizo /

Figure 2.21 CM control using separate CMFB and CMFF

As reported in [87-90], a common-mode control circuit based on CMFF
scheme combines CMFF and CMFB. A simplified CMOS version shown in Figure 2.22 is
used for explanation. Transistors M, and M, compose the main transconductor. The
right most part of the transconductor is the CMFF circuit, while the left most part of
the main transconductor is the CMFB circuit. An assumption is made here that
transistors M; and Mll operate in triode region. Transistors Mll have the half
dimensions as M. The CMFF used here is very similar to the proposed circuit in [90],
except that a common-mode reference current /ey is added. The left side CMFB is
the same as the CMFF, with the exception that the gates of transistors Mll are

connected to the outputs of the main transconductor.
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Figure 2.22 the circuit implementation of PD-OTA with CMFF and CMFB

The common-mode reference current /gy shown in Figure 2.22 s

1
I, =£|iVCM —V ==Vps Vs (2.51)
2 2
where Vy is the reference common-mode voltage and it is generated by a bias

circuit.
The currents /; and /, generated by the CMFF and CMFB circuits can be

expressed as

[ 1

Il = iCFF + ICM = ﬂ vicm - VTH - EVDS:| VDS (252)
: I 1

L =icyr Hear = B| Voo = Vu _EVD3:| Vs (2.53)

Currents icse and iy generated respectively by the CMFF and CMFB are fed
back into the main transconductor via two PMOS devices, resulting the following bias
current is
(2.54)

Iy =icme Ticnr

1
=f l:vfr:m ~V — 5 Vs :| Vs + BV s Voew — Veury (2.55)

where the first term corresponds to the current required to reject the input CM signal
and the second term corresponds to the current used to set the transconductor

output CM voltage Vyem to CM reference voltage Ve
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Although, the combination of both CMFF and CMFB will increases the CMRR
of the proposed differential OTA topology. However, the OTA consumes high power
and requires good-matching MOSFETs to achieve the cancellation of the CM

components.

2.4 Conclusions

Various low voltage circuit techniques are discussed in this chapter. Bulk—
driven circuit technique offers better linearity and larger input common mode range
but suffers from limited ¢ain and cut-off frequency. Quasi-floating-gate (QFG)
MOSFETs do not take much larger silicon area and they have high-pass filter
characteristic. Bulk-driven quasi-floating-gate (BD-QFG) MOSFETs combine the most
advantages of BD, and QFG technique, but share some disadvantages of them.

At lower supply voltage, pseudo-differential (PD) OTAs become an interesting

choice since they avoid the voltage drop across the bias current source. Since a
pseudo-differential structure has the same transconductance for both differential and
common mode (CM) signals, the use of this solution requires a careful control of the
common-mode behavior. The PD transconductor with CM control technigues
presented in this chapter employed the common-mode feedback (CMFB) and
common-mode feedforward (CMFF) topologies. The CMFB method is used to set the
output voltage of the OTA and suppress the common-mode signal. Nevertheless, the
CMFB circuits are still complex, consume large power consumption, and have limited
output swing. Furthermore, the CMFF method can also be used to reduce the
common-mode signal of the OTA. However, CMFF fails at setting the DC output
voltage. Combinations of CMFF and CMFB are combined to suppress the CM signal.



CHAPTER 3
PSEUDO DIFFERENTIAL AMPLIFIER (PDA) USING
COMMON-MODE FEEDBACK CIRCUITS
AND ITS APPLICATIONS

In this chapter, two CMOS pseudo-differential amplifiers (PDAs) using new
current-mode cormmon-mode feedback (CMFB) technique with rail-to-rail operation
are presented. The CMFB consists of current mirrors and resistors operating as a
common-mode detector. The current amplifier, which consists of transimpedance
and transconductance, is employed to enhance the loop gain of the CMFB, resulting
in minimized relative gain error. The positive feedback is also employed to increase
the differential-mode gain of the system. The organization of this chapter is as
follows: Section 3.1 introduces the proposed CMOS PDA with current-mode CMFB
structure, operating principle, performance analysis, and its application to an
oscillator. In Section 3.2, presents the CMOS Inverter-based PDA with CMFB,
performance analysis, simulation results and its application as a bandpass filter.
Conclusions is discussed in Section 3.3.

3.1 CMOS PDA with current-mode common-mode feedback
3.1.1 Proposed PDA Architecture and Circuit Implementation

Figure 3.1 illustrates the architecture of the proposed PDA. As seen, the PDA
consists of an input transconductor Gy and CMFB. The proposed CMFB consists of
two matched resistors (Ry=R,), two matched current mirrors and two stage current
amplifier {transimpedance and transconductance amplifiers). When the output
voltages from Gy are differential signals, these voltages are converted to the
currents through resistors Ry and R, (see solid signal). These currents, which have the
same magnitude but opposite phase, flow to each resistor and are mirrored to the
Outya and Outyg terminals (with the current gain of £). Because these currents have
the same magnitude but opposite phase, there will be no input current flowing into
the transimpedance amplifier (Ry) and, thus no voltage variation at node C. In
addition, the currents through resistors R, and R, are mirrored to the Out;, and Outyp
terminals (with the current gain of @), and positively fed back to the output of the
input transconductor Gy, thus enhancing the output impedance (at node v,, and
V,2) and differential gain of the system.
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Figure 3.1 Block diagram of the proposed pseudo-differential amplifier (PDA)

When the output voltages from the Gy are common-mode signals, the
common-mode current will flow through Ry and R, (see dash signal) to nodes A and
A with the same magnitude and phase. As a result, the summation of these two
currents at the Outj, and Outyp terminals are added constructively (i.,) and passed
to the cumrent amplifier (4), which consists of the transimpedance (Rys) and
transconductance (Guo) amplifiers, The output current (4i.,) is then negatively fed
back to the output node of input transconductor Gy, resulting in the reduced
output impedance and common-mode gain of the system.

From, Figure 3.1 it can be easily shown that the differential (Z,,) and
common-mode (Z,,,) output impedances at nodes v,; and v,, are (see appendix A)

de = Zom (3 1)
1+(1-a)Z,, /R,

ot

Zom (32)

Z =
T l+(+a+248)Z,, /R,

out

where 7, is the output impedance of the input transconductor, @ and f are current

mirror ratios, and A is the current gain and equal to RycGuo-

From Egs. (3.1) — (3.2), the differential-mode gain (A, can be derived and

shown as

ZOHI
A = _GM(JN)de = _GM(IN) |:1+ (-a)Z. /R :| (3.3)
out 1,2
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Similarly, the common-mode gain (A.,,) can be shown as

Z o
Acm = "‘GM(IN)Zcm = —GM(IN) |:1 +{(l+a+248)2Z / R il .

out

From Egs. {3.3) and (3.4), the common-mode rejection ratio (CMRR) is given by

CMRR = (3.5)

Ay |1+ (+a+248)Z, /R,
4. | 1+(1-)Z, /R,

o out

Obviously, CMRR can be increased, if A=RuoGumo is large. In addition, the
current mirror ratios « and B play roles in determining Az, Acm and CMRR of the

system,

The circuit implementation of Figure 3.1 is shown in Figure 3.2. My g~Maap
realize the input transconductor Gy, while My, g—Mea g and M—M, realize a current-
mode CMFB circuit. As seen, Ms,~Mg, form the current mirror A, while Mag—Mgg form
the current mirror B. Since the impedances at node A (and A) is very small, the
signal swing at node v, (and vy} is therefore limited by the output swing of the
input transconductor (Gyuy). The ratios of @ and f (in Egs.(3.1)4(3.5)) can be set by
adjusting the aspect rations of Mag, Meg (@=(W/L)ssg/(W/L)sng) and Masp, Msap
(B=(W/L)ea o/ (W/L)3s g), respectively. It is noted that positive-feedback term « can be
used to enhance the differential gain of the system. However, it is instructive to note
that improper value of & can also drive the system unstable. In practice, a should
be set a little bit larger than one to compensate for the loss as a result of the
current mirror, which is unable to mirror the input current to the output perfectly. In
this work, ais set to 1.5 to enjoy both differential gain and stability.

! Mps MH;J
Mp My [ I

Figure 3.2 The proposed CMOS PDA
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The value of § plays role in determining the common-mode gain. As seen in
£q.(3.4), large value of 8 results in low common-mode gain. However, it is noted that
large S requires large transistors, thus large standby current and parasitic capacitors,
which can degrade frequency performance of the system. In this work, £ is set to ten.
The dc common-mode voltage of the system can be designed and is equal to
Vpo—Vasaase In this work, we set the dc common-mode voltage to Vjpp/2 for the
maximum output swing.

One among important factors used to determine the bias current and sizes of
May g—Mea 5 is the impedances at nodes A and A Bias current and dimension of these
transistors should be chosen, such that the impedances at both nodes are much
lower than R, ,. As a result, nodes A and A’ can be considered as ac grounds,

The current gain (A) of the CMFB depends on the gain of the transimpedance
and transconductance amplifiers. Here, transistor M; and resistor Rr consist to be the
transimpedance amplifier (Ryo), while Mg—M, form the output transconductor (Gyo).
Straightforward analysis shows that Ryp and Gyp are given by

7 (rm I 7'0(34))

= (3.6)
F
1+g,, (’b? I r0(34))

Ryo =~

Gpo = Emso (3.7)

As mentioned earlier, A = RysGuo is an important parameter. Gain of CMFB
should be sufficiently large so as to obtain the common-mode voltage within the
desired accuracy. From Egs. (3.6) and (3.7), one can increase the value of A by
increasing Rr and gmgs. In the design, however, the choice of Rq requires some
consideration, because Rr also affects the impedances at node C and node D, thus
the time constant of the CMFB. It is known that CMFB should contain minimum
number of poles to ensure the stability, and speed of the overall system. Similarly,
the value of Gyp in Eq. (3.7) needs some consideration, since gng¢ depends on the
device dimension and bias current, which affects direclty parasitic capacitances and
power consumption, respectively. In fact, the choice of Re and g,,59 strongly depends
on the application for which CMFB is being applied.

3.1.2 Performance Analysis

3.1.2.1 Tuning Circuitry

As mentioned earlier, « indicates the amount of the current feedback to the
output node, and can be used to adjust the differential mode gain. However, we
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have found that « is quite sensitive to the stability of the system. Deviation of «
from the desired value could result in a reduced differential gain or even cause
system unstable. Since the value of a depends on the matching of transistors, the
performance of the system could suffer from process fluctuations. One solution to
this problem is to design & with tuning ability.

In this work, we have developed a circuitry, which allows us to tune «
electronically. Figure 3.3(a) shows such circuit (see dashed line). As seen, the circuit
consists of low voltage current mirror (My-Mys). Mp-Mrp, are used to set the bias
voltage at the gates of Mp, and Mgs. The bias current of M is mirrored to Mys, and
cause the bias current of M and Mg to be equal. When the signal current iz flows
into the circuit, the variation of the voltage signal at node X will pass through the
capacitor Cy, and becomes the gate voltage of Mg, which is further converted to the
signal current iy, Since the in=gmegvi aNd gmea IS Given by (ZpCOX(W/L)IB,me)m, one
can therefore express the relationship between the output current and input current

das
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Figure 3.3 (a) An electronically @ tuning circuitry and (b) The DC level shifter (V¢

o \/(W_/LEZ 8
iR (W/L)SA IB

From Eq. (3.8), it is obvious that the current gain a can be electronically

tuned via the bias current /g e

The DC level shifters (V) in Figure 3.2 are designed by using a simple resistor
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and the constant current source/sink {/c) as shown in Figure 3.3(b) [91].

3.1.2.2 Compensation

Since CMFB introduces additional poles to the system, common-mode
stability needs to be investigated. By using small signal analysis, one can find the
impedances associated with nodes A (and A’), B (and B/), Cand D as

1
i} 59
/
A4 Em34,88miaB (’bﬂz)
1
~ (3.10)
B Emian
. Rp"'(’bm ||"o7) (3.11)
Re = '
+gm7 (rOB4 ” r07)
N R +(ros4 | 755 Il 7os3) (3.12)

R
14+ g, (osa | 7055 || 7o53)

where g, and 7, denote transconductance and output resistance of transistor,

respectively.

3.1.2.3 Geometric and Parametric Mismatches

Since resistor and transistor mismatches may occur due to process gradients,
the circuit performance is therefore of concern. We have investigated and found that
transistor mismatches in the current mirrors A and B will not affect system
performance as long as the impedances at node A and A are much smaller than R,
and R,. Since the impedances at node A and A are designed to be small, the
aforementioned condition can be met.

In case of the mismatch between R, and R,, this could result in an undesired
output voltage. To explain this, let’s assume that R;=R+AR and R,=R—AR, one can
show that this mismatch can cause the common-mode output impedances at nodes
Voi02 (Zemiveny aNd Zemivoz) to be different.

Straight forward small signal analysis shows these output impedances given
by '
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Z
ol (313)

o) =T av AP AP
1+( + JZ""‘
R+AR  R-AR

Zam (3 1 4)

A =
em(vyy)
1+(1+a+Aﬂ+ AR JZM
R—-AR R+ AR

Since v,y and vz are —GuumZemivon)Vie and —GuumZemtvoaiVic » respectively, one can show
that

2 v
(1+a+24p) ©

v (3.15)

ol

-V, —GM(,N)AR

o2 —

This differential output voltage, as a result of the resistor mismatch, behaves
indistinguishably from the differential output signal, and could propagate to the next
stage. From (3.15), one can reduce this undesired output voltage by having large &
and large AS.

In addition to the resistor mismatch, the ratio mismatches in parameters of
and ff, as a result of mismatches in Muyg, Maag and Masg Msap can also cause
differential output voltage. If we assume that these ratio mismatches are o + Aar and
S + AB, one can easily show that the undesired output voltages are given by (3.16)
and (3.17), respectively.

R
Vo1 " Vo2 = "GM(JN)Aame (3.16)
R
Vor = Vo2 = HGM(IN)AﬂE?—v,‘c (3.17)

Similarily, these output voltage can be reduced if Af is large.

3.1.2.4 Minimum Supply Voltage and Output Swing

Based on the proposed circuit topology, the minimum supply voltage is given
by

Y oominy = Max[(VGss,s Vet VDSAT(EZ,BS))’(VGST + VDSAT(BJ))’(VGM +V psars ):| (3.18)
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where Vi, and Vpsary are the gate-source voltage and drain-source saturation voltage
of transistor Mg respectively. According to Eq. (3.18), it is obvious that the
minimum supply voltage strongly depends on the threshold voltage. Therefore,
process with low value of Vo, can lead to CMFB, which can operate at tower supply
voltage.

As previously mentioned, the impedances of the input current mirrors at
node A and A are very small, thus causing both nodes to operate as virtual ground.
As a result, the output swing of PDA (Figure 3.2) is only limited by the output swing
of the input transconductor (G, which is given by

VDSAT(MIA,B) < VOUT(Swr'ng) = VDD - VDSAT(MzA,B) (3.19)

3.1.3 RC-Bandpass Filter-Based Oscillator

Figure 3.4 shows an RC bandpass filter-based oscillator using our proposed
OTA [921. In this type of oscillator, the oscillation frequency depends on the
bandpass filter, which is made of passive resistors and capacitors, the oscillator
frequency is therefore less susceptible to power supply noise. The transfer function
of a single-ended simplified circuit of the oscillator (see in Figure 3.4a) can be

expressed as

cl'S
His)= Yo — 1
(S)“i_ Sz+1+C1/C2+R2/R1 L1 (3.20)

&
‘RZ CI ‘Rl C] ‘RZ CZ

mn

The center frequency @,, the quality factor Q of the filter and the minimum

requirement for G,, are given by

1

B, = —— (3.21)
JRCR,C,
0= JCICHR,IR) 5.2

1+4C,/C,+R, /R
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G 21+C1/C2+R2/R1 (3.23)

m,min
RZ

From Egs. (3.21)<(3.23} if resistors and capacitors are chosen as R;=R; =R and
Ci= G = C then @, = 1/RO), Gmmin= 3/R and Q = 1/3.

I I o Vout

Vo2

¥

R 2

Vol

(b)

Figure 3.4 Basic structure of proposed oscillator a) Single-ended b) Fully-differential

3.1.4 Simulation Results

To verify the circuit performance, HSPICE with BSIM3V3 is used to simulate
the proposed circuit using a 0.18 um CMOS process under 1 V supply voltage. Bias
current (Ig) is set to 20 pA. This bias current value is chosen to optimize both gain
and power dissipation of the circuit. In this work, Ry, and the impedance at node A
(and A) are 50kQ and 1809, respectively. The current consumption of the CMFB and
total power dissipation of proposed PDA are 280 pA and 390 pW, respectively. The
aspect ratios of the transistors are summarized in Tables 3.1.
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Figure 3.5 shows DC transfer characteristic of the PD with the proposed CMFB.
As seen, the output swing shows rail-to-rail operation. Figure 3.6 shows the output
current (i,p) of the circuit in Figure 3.3 for different value of lgyne, when the input
current (ig) is 10 pA.,. The circuit demonstrates the current gains () of 1, 1.3, 1.5 and
1.7, when fgune are 10 pAg,, 13 pA,,, 15 pA,, and 17 pA,, respectively.

Figure 3.7 shows how DC differential mode gain (Ag,) varies with a. As
discussed in Section 3.1, & can be used to enhance the output impedance, and thus
differential mode gain of the system. From Figure 3.7 it reveals that as & increases,
the differential mode gain increases. It is noted, however, that an increase in «
causes bandwidth to decrease. This is because an increase in ¢ will increase the
output impedance, and thus the time constant associated with the output nodes.

Figure 3.8 shows the DC common-mode gain for different values of £ and Ry,
while Figure 3.9 shows common-mode bandwidth for different values of fand Re. As
seen, large value of # and Rr can cause common-mode gain (A.,) to decrease as
discussed in Section 3.1. Obviously, the choice of £ and Ar needs careful
consideration. It is noted that large value of £ also causes more standby current, and
thus more power dissipation, while large Rr causes impedances at nodes C and D to
increase, and thus degrading the bandwidth of the system. In fact, large S results in
large parasitic capacitances, and large time constant, which then also causes the
common-mode bandwidth of the system to decrease. However, we have observed
that an increase in Rr causes common-mode gain bandwidth to decrease more
rapidly than an increase in B, for the same value of common-mode gain. Therefore,
power dissipation, chip area and common-mode gain bandwidth are important
factors used to justify the value of fand Re.

Figure 3.10 shows the transient response of the output voltages for both
differential mode (Vog=vi—Vez) and common-mode (Ve=(Vo+ve)l/2), when the
differential and common-mode inputs are 17 mV at 10 KHz and ¢, f and R are 1.5,
10 and 500kQ, respectively. As seen, the differential output voltage reads * 0.7 V,
while the output common-mode voltage shows only 0.03 mV variation. Figure 3.11
shows frequency response of the proposed PDA for differential mode input signals.
The DC gain is found to be 35.6 dB with the -3 dB and unity gain frequency of 10.4
MHz and 1.25 GHz (no load capacitor (), respectively while the phase margin is 83°.
Figure 3.12 shows gain and phase for the common-mode case. As seen, the

common-mode gain is small and found to be -36 dB.

Figure 3.13 shows the output waveform. The oscillation frequency is found to
be 4 MHz, which is close to the calculated result Ry=R,=45kQ, and C,=C,=1pF
(fo5c=1/2RRC= 3.5 MHz).



Output Voltage (V)

Table 3.1 Aspect ratio of MOS transistors

Transistor W (um) L (um)
Miag 9 0.3
Mopg 33 0.5
M3ag, M, Ms, Mry 6 0.3
Maag, M 8.5 0.3
Msap 60 03
Meas, Mrz 9 0.3
Mz 18 0.3
Mgy, Mgs, Mgq, Mss 22 0.5
Mps 220 0.5
My, Mys 17 0.5

" ——

= -

i
i
!

—— o]

Input Voltage (V)

Figure 3.5 DC transfer characteristic
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3.2 CMOS Inverter-Based PDA with Common-Mode Feedback
3.2.1 Proposed PDA Topology and Circuit Implementation

The topology of a PD structure is shown in Figure 3.14 Gy and Gy are two
input transconductors and Z,, and Zo,s are the equivalent output impedances of
G and Gmas Tespectively. Unlike FD structure, PD structure is based on two
transconductors without tait current source, making the PD structure suitable for low
voltage applications. However, removing the tail current source results in large

common-mode gain (A.,).

Vi2

I Zorr!B

Vil @ Vo Va2
J 9

ZaurA

Figure 3.14 Pseudo-differential amplifier topology

From Figure 3.14 the common-mode gain (4., and the differential-mode gain

(Agr) are expressed as:

A,=G Z (3.24)

e m(in)A(BY~ omtA(B)

A = m(r’n)A(B)ZouM(B) (3.25)

As shown in Egs. 3.24 and 3.25, the common-mode gain (A.,) is the same as
the differential-mode gain (Aqy), resulting in the unity common-mode rejection ratio
(CMRR=Agm/Acm=1). Since large value of Ag, can lead to large common-mode variation
at the output [53], common-mode feedback (CMFB) circuit is required.

The conceptual implementation of the proposed pseudo-differential amplifier
(PDA) is illustrated in Figure 3.15(a). The proposed PDA consists of two input
transconductors (Gogma and Gumz) and a common-mode feedback (CMFB) network. In
our design, the CMFB network comprises a common-mode amplifier (CMA) and two
output transconductors (Geun and Gruss)- TO explain the operation of the proposed
PDA, the operation of the CMA, whose topology is shown in Figure 3.15(b), is first
examined. The CMA consists of two matched resistors (R, = R, = R), two matched

current mirrors (current mirrors A and B), and transimpedance amplifier (TA).
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Figure 3.15 Circuit topology of the proposed PDA and b) the common-mode amplifier

When the output voltages (v, and vep) are common-mode signals (Vo;=v2)
(see dotted line), these voltages are converted into currents through A, and R,. These
common-mode currents with the same rmagnitude and phase flow through nodes A
and B, and are mirrored to OutlA and Outl1B terminals with the current gain of A2
These currents are incrementally combined at node C and passed to the
transimpedance amplifier (TA). The amplified output voltage V. is then negatively
fed back to the output of the input transconductors (Gmgma and Gnine) Via the output
transconductors (Gmeuss @Nd Greows to suppress the common-mode voltage. In
addition, the common-mode currents are mirrored to Out2A and Out2B terminals
(with the current gain of &) and cross-fed back to the output nodes such that the

common-mode gain is further suppressed.

From Figure 3.15, the equivalent common-mode output impedance (Zoucmuatey

and common-mode gain {A..,) are derived and shown as

Zom (326)

Z =
out(cm) A(B) 1+(1+a +2Gm(0u.r)ﬁz)z /R

ont
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Zom (32?)

em Gn;(r‘n)
1+(1+ @ +2G,,,BZ)Z,, | R

our

where Zou = Zioutwian Grmiin) = Grtinsa@y Griout) = Gmiouniaer @nd Z Is the transimpedance
gain of the TA.

Zoutemaey and Acn depend on @, Guu, B and Z. Obviously, A of the
proposed PDA can be reduced if the common-mode loop gain 2GS Zoue /R) 15
large. It is also worth noting that the proposed topology of CMA allows rail-to-rail
operation at the output nodes vy since input impedances of the current mirrors
are relatively small, resulting in small signal variation at nodes A and B.

Let us consider the output voltages as differential signals (ve= —Voo) (see solid
signal). These voltages are similarly converted into currents through Ry and R..
However, unlike the previous case, these currents have opposite phase resutting in no
current flowing into (and out of) node C and the TA. As a result, the feedback signal
Veme F€Mains constant. It is noticed that the differential currents are also mirrored to
Out2A and Out2B terminals and then positively cross-fed back to the output
terminals. This positive feedback mechanism enhances the equivalent differential
output impedance (Z,,xdmae) and, thus, the differential gain (Agm) of the system.

Zoutidma and Agm are derived and expressed as

Z
ot (328)

Zora!(dnl)A(B) = 1+ (1 - CZ)Z /R

ol

4
4,=G,, o (3.29)
o ’"("’)[1+(1-a')2 /R}

ot

Zoutemne and Agm, depend on a. If aris equal to one, Zoutdmue and Adm will
become very large. This is the direct result of the positive feedback of the differential
currents as previously mentioned.

The proposed topology of PDA shown in Figure 3.15 can suppress the
common-mode response by the negative feedback mechanism, while the differential-
mode gain is enhanced via the positive feedback mechanism. It is noted that, since
the voltage signal variations at nodes A and B are small, the output swing of PDA is
therefore only limited by the output swing capability of the input transconductors.
Furthermore, the CMFB topology contains only low impedance node, thus allowing

the PDA to operate at high frequency.
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The circuit implementation of the topology in Figure 3.15 is illustrated in
Figure 3.16 Transistors Mg and Mipsg form the input transconductors, while
Manaiey 2paeyManaeycpam and Msyp form the CMFB circuit. Moo —Manes form the current
mirror A while Mosme—anpa form the current mirror B. The current gains o and S are
obtained by properly sizing the aspect ratios of the transistors in both current mirrors.
It is noted that Mipag and Mg also serve as the output transconductor (Gmeunaey
with the transconductance equal to the bulk transconductance of Mipse. This
efficient design in which a single transconductor is employed as both input and
output transconductors simplifies and compacts the circuit. Moreover, the loading
effect and power dissipation are minimized.

Transistors Msyp and resistor Re form the transimpedance amplifier (TA). The
transimpedance gain (2) of the circuit is set by the resistor Re. The transimpedance
amplifier helps to increase the gain of the common-mode amplifier (CMA) and
simultaneously reduce the impedances at nodes C and D such that the time
constants associated with these nodes are low. The body bias voltage Vg is set to
reduce the threshold voltage of PMOS transistors, allowing the circuit to operate at
low supply voltage.

cha

oVsr
Vpp Vop

Mll,:] Mupp mzm M:EJ M;p Mipp| Mapp Maﬂ l-]:.flpg
e e e | e S
R’

|
l©~5{~ © | Ry
4 —0
OutlA OutlB

sy 8
| L -
e o e S s e e
L ) - —— : S L

Figure 3.16 Circuit implementation of Figure 3.15

By comparing Figure 3.15 and Figure 2.16, the input transconductance (Grtir)s
output transconductance (Gmeun), €guivalent output impedances at node Vi (Zous,
and transimpedance gain (Z) can be expressed as

G

m(in)

= gmlN +gm1P (330)

Gm(aur) = gmblP (331)

Zou.' T rOlN ” rO]P ” r04N || rO4P (332)
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Z=-R; (3.33)

where gmi, Gmpi and 7op Are the transconductance, bulk transconductance and drain-to-
source resistance of the transistor M), respectively.
By substituting Eqs.(3.301(3.33) in Eas. (3.26)43.29), Zouttemy Zoutidmb Acm and

Agm can be expressed as

Zour(crn) = R 1 (334)
1+ a—28,mpPRe + R("om | 7ore | Toan I rO4P)
Zom(dm) = R 1 (335)
l-a+ R("ow W 7o0p | Toan Il "o:xp)
R
Acm = (gm N + gm!P) _ (336)
! 1+a—2gmblPﬂRF+R(r01N \7orp N 7oan “ro«w) 1
R (3.37)

Adm = (gmlN +gmlP) )
1—a+ R{7on N orp i Foun I Four)

From Egs. (3.36) and (3.37), the common-mode rejection ratio (CMRR) can be

derived as

CMRR = A _ (1+a"23mb1pﬂRF)("om W Forp |l 7oun | rO4P)+R (3.38)
A (1'"0:)("011\: | o1 I 7oaw I r04p)+R

It is noticed that CMRR can be increased if R is large. In addition, @ and g atso

play a role in determining the CMRR.

it is noted that the choice of ¢ requires precaution. A large value of a <an
resutt in a large differential gain; however, such a large value of @ can drive the
circuit unstable. In practice, & should be set slightly larger than one to compensate
for the loss, due to the imperfection of the current mirror not being able to perfectly
mirror the current from the input to the output. In this work, ais set to 1.3 10 enjoy
both differential gain and stability. The value of B plays a role in the determination
of the common-mode gain as it is part of the CMFB circuit. From Eq. (3.36), large
value of B results in low common-mode gain. Nevertheless, large 3 requires large
transistors; thus large standby current and parasitic capacitors, which can degrade the
frequency performance of the system. In this work, Bis set to 3.
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The output common-mode voltage (Ve 16 €QuaL 0 the voltages at nodes
A and B, which is given by [93]

Vop— +V,

_'D v24(B) T P TP2A(B)

Vaur(cm) - i - + VW?A(B) (339)
+ )BNZA(B)/ﬁPzA(B)

where Buae=HnCodW/Laae) and Srane=HoCokW/Laae)

For maximum output swing, PFueae and Broae should be such that Vougem is equal to
Vpp/2.

3.2.2 Performance Analysis

3.2.2.1 Loop Gain and Frequency Response

The frequency compensation of the common-mode oop is accomplished by
adding a resistor Rc and capacitor Cc in series between nodes C and D (not shown in
Figure 3.16). The smatl-signal equivalent circuit with Rc and Cc can be shown in Figure
3,17, where oo and Cep are the total parasitic resistance and capacitance at node
o), r= rowllror H 7oan I Yoap) @nd Cu (= Cpgn + Cpam * Cpava T Cpspa) 2T€ the

equivalent resistance and capacitance at the output of the PDA, respectively.

Rc CIC—‘

© R VY ' ® Voi(2)
& F . 2 4_0

1™ L o

28 \

"Evic | .?'ac —[E:OC gmsVe | FoD —[aoD gmbIVD' | —‘-aoL

Figure 3.17 Simplified small-signal CMFB loop

By using typical circuit analysis, the open-loop gain of the proposed CMFB is

5
Arars (0) [l + P—*]
@z

Acrs(8) =7 Y R7 N (3.40)

Dp) @p; @p3 Dpq

where Az (0)is the srali-signal DC gain of the CMFB loop expressed as
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2 R
ACMFB (O) my — ﬁgmbll.{roL F (34 1)

From Eq. (3.40), there are one dominant LHP pole, three non-dominant LHP poles

and one LHP zero, each of which is determined by:

1
W, =~ (LHP ZERO) (3.42
2" C R, )
1
@y = (LHP POLE) (3.43)
o CutCe (Re+ R;)
C,+C.(R.+R
Wpy =~ 7 Cos + Co (e Re) (LHP POLE) (3.44)
C,uCotor(Rr + Re)
ng
Wy (LHP POLE) (3.45)
7 (CoC + COD)
Wpy = CcCup +Ce(Cc * Cor) (LHP POLE) (3.46)
CaCCoDCCRC

From Egs. (3.41) and (3.43), the gain bandwidth product (GBW) of the CMFB

loop is

zﬂgmblProLRF . ]' (347)
R 7, Co+Co(Re+ R:)

GBW = Acyrs(0) @p1 =

The first non-dominant pole is @, - Since wp, and @p,are far away from the

unity-gain frequency, the overall phase margin can be determined as

GB W]-—ran"‘ (GB W}u tan™ (GB W] (3.48)
@py Wpy @Dz ,

According to Eq. (3.48) and Figure 3.17, @z is the left half-plane zero and

PM =180°— tan”™ (

Lower frequency than @, and @p,. This ZeT0 will add positive phase margin to the
frequency response of the CMFB, simplifying design of stable amplifier for unity gain

in differential mode.
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3,2.2.2 Noise Analysis

The input-referred noise voltage of MOSFET is dominated by flicker noise at
low frequency and by thermal noise at high frequency. The input-referred noise
spectral density of the PDA can be calculated and shown as (see appendix D)

Vi= Vnz,(u nT an,!h (3.49)
where ¥, is the input-referred flicker noise determined by
V,-:n/f) = 2 [ Ky + S J (3.50)
COXf (WL)IN (PVL)LP
and V,, is the input-referred thermal noise determined by
- k.T 2 1
Vf,z.‘m = 8‘—'_&__——2[-3'(&111\' +&mp T Euan + gm.ﬂ)"'}] (3.51)
(gmlN +gmlP)

where parameters Ky and Kp are the flicker noise process-dependent constants of
NMOS and PMOS, respectively. kg is the Boltzmann constant, T is the absolute
temperature, fis frequency, and other parameters have their usual meanings.

From Egs. (3.50) and (3.51), the input-referred noise can be lowered by
increasing (gmu*gmip) and/or sizes of Miwag and Mipae). Obviously, the amplifier
suffers from a fundamental tradeoff between its noise performance and frequency

response.

3.2.2.3 Geometric and Parametric Mismatches

Since resistor and transistor mismatches are practically unavoidable, the
circuit performance accounting for mismatches is therefore of concern. It is found
that system performance is unaffected by transistor mismatches in the current
mirrors A and B as long as the impedances at nodes A and B are much smaller than
those of R, and R,. Since the impedances at nodes A and B are designed to be small,
the aforementioned condition can be readily met.

In case of the mismatch between R and R,, this could result in an undesired
output voltage. To clarify this point, it is assumed that R,=R+AR and R,=R-AR and
the results reveal that this mismatch can cause the common-mode output
impedances at nodes Vo; and v,z (i.e., Zoutterm @Nd Zoutem) TO be different.

The straightforward small signal analysis shows Zoutierma @G Zouteis AT

determined by
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1

ZUH! cm = (3.52)
et M+ a—g . pBRe _ BumpPRr _,_(r 17010 | 7oan Il 7 )_'
R+AR R—-AR e e e
1
ZO!J! ont = (3.53)
(em)B 1+o— gmblpﬁRF — gMblPﬁRF

-1
+("01N | 7010 1 7oan Il j"0410)

R-AR R+AR

Since v,; and v, are respectively G imZoutiama Yie aNd GrinZouticmia Yie » ONE CaN
show that

2
vol Y = (gmlN + Emlp ) AR v (354)

(1 +0—28,pBRe )2 “

This differential output voltage behaves indistinguishably from the differential
output signal and could propagate to the subsequent stage. From Eg. (3.54), the
undesired output voltage can be reduced by increasing ¢,,»150Re.

In addition to the resistor mismatch, the ratio mismatches in @ and f, as a
result of mismatches in Mg, Maag and Mg, Mayg, can cause differential output
voltage. If these ratio mismatches are assumed to be a + Ag and § = AfS, the
undesired output voltages can be readily derived as

R
Vo = Voy = Eoin + Euip ) AO—————=V,, (3.55)
1 " Vo2 (g ¥ gm) 28(2. R )
Vot " Vo2 = (gm[N + gnth)AﬂLvﬁ; (3.56)
8osipPRr

Similarly, these output voltages can be suppressed if g,,160Rr is large.

3.2.2.4 Minimum Supply Voltage and Qutput Swing
Based on the proposed circuit topology, the minimum supply voltage is

determined by

VDD(min) = VTHZN + VDSATEN + VTHZP + VDSATZP (357)

where Vapwe and Vpsarave are the threshold voltage and saturation voltage of Mayg
and Mypyg, respectively. Obviously, the minimum supply voltage depends heavily
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upon the threshold voltage. Therefore, process with low threshold voltage can lead
to the CMFB, which can operate at lower supply voltage.

As previously mentioned, the impedances of the input current mirrors at
nodes A and B are very small, thus causing both nodes operating as virtual ground.
As a result, the output swing of the PDA is limited by the output swing of the input
transconductor (G (see Figure. 3.16) and is determined by

(3.58)

VDSAT(M,M,,)) < VOUT(ming) = VDD"VQS'AT(M,H(,))

3.2.3 Transimpedance-Capacitor (R.,-C) Bandpass Filter

To demonstrate the performance of the proposed circuit, a transimpedance-
Capacitor (R,-C) bandpass filter based on single PDA as illustrated in Figure 3.18(a)
[94] is employed. The capacitor Cge is connected in series with the transimpedance
amplifer (R, formed by the proposed PDA and feedback resistor Rgr. Since the input
impedance of the transimpedance amplifier is very low, nodes £ and £ can be
considered as ac ground. Hence, differentiator can be obtained by cascading Cge
before the transimpedance amplifier and the low-frequency transfer function is

equal to SCBFRBF-

The small-signal equivalent circuit of Figure 3.18(a) is depicted in Figure
3.18(b), where g, is the transconductance and Cx, Cy and Cz are the parasitic
capacitances determined by

En = 8mn T Emp (3.59)
Cy = Cosiv + Cosir + Comw + Comp . (3.60)
Cr = Copiv + Conip (3.61)
C,=C,+C, (3.62)

The transfer function of the bandpass filter can be expressed as

sCprD
As*+Bs+C

14

H(s)=2 (3.63)
vl’

where

A= (Cyr +C, )(Cy +C, )+ C,Cy (3.64)
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2, Cyto Ryr + (CBF +Cy+Cy )RBF + (CY +C, )ran

B= (3.65)
Vo Rpr
C gm ol +1 (366)
For Rgr
D w28l (3.67)
Ry

The centre frequency m, and the quality factor Q of the filter can be

expressed as

w _\/7 grn ol +1 (368)
\(roLRBF[ (Cor +C )(Cy +C)+ G, C :I
0= AC =\/ I:(CBF"‘CX)(CY+Cz)+CyCz:|(gmraL+1) (3.69)
B 8.Cyty Ry +(CBF +Cy + CY)‘REF +(CY +C; )"01.
Rpr _-
ICL
C
I ]I @ -_— ]
OTA
o2 {1 o va
CBF lc
L
A :_l:
Rer -
(a)
Rar
AN
Cor

(b)
Figure 3.18 (a) Basic structure of R,-C bandpass filter and (b) Simptified small signal

equivalent circuit
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3.2.4 Simulation results

To prove the performance and robustness of the proposed PDA, the circuit
has been designed and simulated in a standard 0.18 pm CMOS technology using the
Cadence Spectre. The threshold voltages are 0.45 V and -0.5 V for NMOS and PMOS,
respectively. The supply voltage is 1 V and the input and output common-mode
voltages are biased at Vpp/2, ie, 0.5 V. The body bias voltage Vg is set to 0.5 V to
reduce the threshold voltage of PMOS transistors. The total current drawn from the
supply is 102.5 pA. The bias currents of all transistors are chosen to optimize both
gain and power dissipation. Resistors Ry, and the impedance at nodes A and B are
50kQ and 7kQ, respectively. The dimensions of transistors are listed in Table 3.2.

Table 3.2 Dimensicns of Transistors

Transistors W (pm) - L (um)
Munas) 5.2 0.5
Mipae 11 0.5
Moxae) 0.8 0.24
Mapa 2.6 0.24
Manae 4.2 0.24
Mapa) 13 0.24
Manate 1.1 0.24
Mapas) 3.5 0.24
M 2.5 0.24
Mspae 73 0.24

Figure 3.19 shows the DC transfer characteristic of the proposed PDA with and
without CMFB. The output swing of the PDA demonstrates rail-to-rail operation, while
Figure 3.20 shows the transient response of the output voltages, when a CM
sinusoidal signal with a peak-to-peak value of 10 mV,, (10 kHz) is applied to the
inputs. In case of no CMFB circuit, the CM signal is amplified to 0.6 V. However, the
CM signal decreases to 0.4 mV,, when the CMFB is employed; this leads to a CM
attenuation of -15 dB and a CMRR of 53 dB. Figure 3.21 shows the open-loop
frequency response of the CMFB circuit with stability compensation. The DC open-
loop gain is found to be 40 dB, while the unity gain frequency is 70 MHz. The circuit
is stable and the phase margin is 50°.

Figure 3.22 shows the frequency response of the PDA when the differential-
mode signal is applied to the inputs. The DC gain is 38 dB, while the -3 dB and unity
gain frequency are 13.7 MHz and 1.42 GHz (no load (), respectively. The phase
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margin is 86°. Figure 3.23 illustrates the frequency response of the PDA when the
common-mode input is applied. The common-mode gain is relatively much smaller
(-15 dB), while the bandwidth is almost the same as that of the differential-mode
case.

The input referred noise spectral density is shown in Figure 3.24. The input
referred noise is less than 16.35nV/vHz at 10 MHz while integrated noise is
66.93uV(rms) in a range from 1MHz to 20MHz.

Monte Carlo simulations have been performed so as to check how the
process variation and device mismatch affect the CMRR. A 1000-iteration Monte Carlo
analysis is carried out using statistical models provided by the foundry. Figure 3.25
shows the Monte Carlo statistical results of the CMRR in the presence of the process
variation. The mean value of CMRR is 51.8 dB, while the standard deviation is 4.25.
The minimum and maximum CMRRs are 38 dB and 58 dB, respectively. The
maximum number of occurrences is at 52.45 dB. Monte Carlo simulation of the CMRR
with device mismatches is shown in Figure 3.26. The mean value is 49.3 dB, while the
standard deviation is 8.87. The Monte Carlo statistical results give the minimum and
maximum CMRRs of 35 dB and 69 dB, respectively. The maximum number of
occurrences is at 40.3 dB. From Figure 3.25 and 3.26, it is apparent that the device
mismatch plays a greater important role than the process variation. Obviously, the
use of layout techniques to improve matching becomes mandatory.

Impact of temperature variation on the DC common-mode voltage is also
studied and shown in Figure 3.27. The DC common-mode voltage shows small
variation (6 %) when temperature is varied from 0°C to 70°C.

Table 3.3 shows the performance comparison with recently published
transconductors. It is noted that the proposed transconductor operates with rail-to-
rail output swing and at low supply voltage. The circuit proposed in [84] is
developed based on CMOS inverter-based amplifier. Since the circuit has no internal
node, the circuit can operate at high frequencies. The transconductor proposed in
[15] is also based on CMOS inverter. The double CMQOS pair is biased in the
subthreshold region resulting in low power consumption. Both circuits demonstrate
low CMRR mainly due to their low loop gains.

This work is based on the CMOS inverter-based PDA and novel current mode
CMFB, allowing the circuit to operate at higher frequencies, yet maintain relatively
large CMRR. Table 3.3 also shows the results obtained from theoretical equations
and they are in good agreement with those obtained from the simulations.

Figure 3.28 shows the frequency response of the R, -C bandpass fitter (Cge =
0.25 pF, C, = 0.5 pF and Rg-= 50 kQ). The centre frequency f, and quality factor Q are
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31.62 MHz and 1.66, respectively. Figure 3.29 shows the variation of the center
frequency for various values of Rgrand C; (Rgr = 30 kQ—120 kQ, C; = 0.5 pF and C, =
0.3 pF=2.1 pF, Rg = 50 kQ). The power dissipation of the proposed PDA and its
application are 102.5 pW.
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Table 3.3 Performance evaluation

Parameters [15] [84] This work
Technology 0.35um 0.35um 0.18um
Supply voltage 3.3v 2.5v 1V

DC gain 29.3dB 31.3dB 38dB
Phase margin 82.8° 77° 86°
GBW {no load C;} 28.97MHz 3.56GHz 1.42GHz
CMRR 35.19dB 31dB 53dB
Maximum Output Swing 088V 227V 072V
Linearity THD=-40dB @0.3Vp-p | THD=-46dB @1Vp-p | THD=-40dB @0.5Vp-p
Transconductance 49.6n5-12.5uS 108.4p5 305uS
Input referred noise 1130V/VHz 85nv/\Hz 16.35nV/\Hz
Power dissipation 44.53uW 300uwW 102.5uwW
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3.3 Conclusions

In this chapter, The first CMOS pseudo differential amplifier (PDA) using
current-mode common-mode feedback (CMFB) circuit with rail-to-rail operation is
explained, The CMFB converts the output voltage signals into currents, which is then
applied to two current mirrors, operating as a common-mode detector. The current
amplifier is used to enhance the loop gain, resulting in minimized gain error. The
positive feedback is also employed to enhance the differential gain of the system.
The advancetage of the proposed CMFB shows low common-mode gain and rail-to-
rail capability.

The second circuit presents the design of a CMOS inverter-based class-AB
pseudo differential amplifier (PDA) using current-mode common-mode feedback
(CMFB). The circuit is designed based on a CMOS inverter and low-voltage wide-swing
CMFB circuit. The proposed PDA demonstrates rail-to-rail oberation. The simulation
results show that the circuit can operate at low supply voltage with high differential
and low common-mode gains. The unity gain frequency is quite high and the power
dissipation is relatively low.



CHAPTER 4
A 0.5 V BULK-DRIVEN QUASI-FLOATING-GATE PSEUDO-

DIFFERENTIAL AMPLIFIER USING FEEDFORWARD
TECHNIQUES AND ITS APPLICATION

In this chapter, a low voltage pseudo-differential amplifiers (PDA) using bulk-
driven (BD) and quasi-floating gate (QFG) technique is presented. Section 4.1 presents
the basic structure of a bulk-driven pseudo-differential amplifier (BD-PDA) and the
proposed PDA that uses a simple feed-forward network to boost and suppress
differential-mode and common-mode gains. An output stage using feedback amplifier
(FBA) is also proposed to enhance the pseudo-differential amplifier’s output
impedance and set its DC common-mode voltage. In addition, an improved version of
the PDA incorporating a gain-enhancement network (GEN) to increase effective input
transconductance, yet maintaining the same power dissipation, is also presented. The
improved version has an increased open loop gain and lower input referred noise.
The PDAs can operate at rail-to-rail input and output signal swings with a supply
voltage close to the ftransistor’s threshold voltage. Section 4.2 provides the
performance analysis of the proposed PDA consisting of frequency response, noise
analysis, and minimum supply voltage and output swing. Section 4.3 presents an
application of the proposed BD-PDA as a multiple-feedback (MFB) filter. Section 4.4

demonstrates the simulation results and Section 4.5 concludes the research.

4.1 Proposed BD-QFG Pseudo Differential Amplifier

4.1.1 Conventional BD-PDA Topology

Figure 4.1 a) depicts the structure of a conventional pseudo-differential
Amplifier (PDA). As can be seen, the PDA consists of two matched transconductors
(Gmia and Gpg). Zou and Z,ug represent the output impedances of the input
transconductors A and B, respectively. The operation of the PDA is simple and can
be explained as follows. When input voltage signals (v;; and v;;) are applied, the

signals are converted to output current signals via the input transconductors (G
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and Gpig). The output voltages (v,; and v, are then equal to the output currents
multiplied by the output impedances.

Figure 4.1 b) shows a basic low-voltage bulk-driven pseudo-differential
amplifier. Its circuit is composed of two bulk-driven PMOS transistors (M and M)
and two current sources (Myy and M), One can think of transistors Mye and Myy as
operating as the input transconductor G, while My and My, as operating as the
input transconductor G, It should be noted that, for a conventional gate-driven
MOSFET, input voltage signal is applied to the gate and therefore it has to be greater
than the threshold voltage. However, this constraints is removed in bulk-driven
MOSFET since its input voltage signal is applied to the bulk terminal, eliminating
threshold voltage from the signal path. As a result, wide-voltage swing at the input is
obtainable provided that the forward bias of the parasitic p-n junctions inside M

and My is kept low.

(a)
_ Fop
My Mop
Vi I |E Vi
Val Vap Vo2

Vaw
My My I
+ ;I 4

(b)

Figure 4.1 a) Basic structure of pseudo-differential amplifier and b) bulk-driven PDA

Derived from the schematic in Figure 4.1, the expressions for differential-

mode (G4,) and common-mode transconductances (G,,,) are
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G,, =G, = Enorpap) (4.1)

o
where gnp1pm is the bulk transconductance of M;pap.

According to Eq. (4.1), Gy, is the same as G.,,. As a result, PDA with large Gy,
unavoidably has large G., as well. Since large G, makes a circuit susceptible to

interference and supply noise, a good technique for reducing G, is needed.

4.1.2 BD-PDA with Feed-Forward Structure

Figure 4.2 illustrates the proposed structure of a feed-forward PDA. As seen, a
feed-forward amplifier (FFA) has been added to the PDA. The FFA consists of two
matched inverting amplifiers, that have a voltage gain of —¢, and two matched feed-
forward transconductors (Gmﬂ;q and Gmﬂg). The FFA is used to serve two purposes:
reduce the common-mode transconductance (G.,) and raise the differential

transconductance (Ggp,).

Figure 4.2 PDA and feed-forward amplifier (FFA)

The operation of the proposed amplifier can be explained as follows. Let us
first consider the common-mode input signals (i.e., Viym=Vim)- The input signals are
first converted to currents via the input transconductors Gp,s and G- The signals are
also amplified at a voltage gain of —~a The amplified signals (v, and v) are then
converted to currents by the feedforward transconductors (Gpg and Guym). These
currents are then fed forward to the output of the input transconductor G,z and
Gmia» respectively. Since the output currents of G,u and G, and the output currents
of G and Gy have an opposite phase, the total output currents combine

destructively, and thus the common-mode transcoductance (G, is suppressed.
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However, if the input signals are differential (vy=-v;5), the output currents of
Gmia and Grig and the output currents of Gum and G are in phase, thus the
differential-mode output currents and the differential transconductance (Gg,) are
boosted.

Ggm and G, are derived and shown below.

G = Craery T2 Guay (4.2)
Gcm = GmiA(B) a- Gm_g'A(B) (43)

According to Egs. (4.2) and (4.3), if a is set to GrigyGmgaey Gam and Gen
become 2Gnue and zero, respectively. Obviously, the proposed FFA can boost Gy,

and at the same time suppress G.p,.

. \Von/ .
! Mpy lelz_ -l‘-lffzm Mpp
Vil O—s & a ] ._QVQ
J_' B |
C Cop ==
Vol O—e 3 —0 Vo2
M, Viw ® Van
2G4 .- Mzoip
Cara Coip—

ol

Figure 4.3 Transistor-level implementation

Figure 4.3 illustrates a transistor-level implementation of the proposed PDA.
Transistors Mips and Mypg make up the two matched input transconductors (i.e., Gpa
and Gpg). Transistors Mpza and Mpag make up the amplifiers that have the voltage gain

of —a The amplified signals (v, and vg) are converted to currents by the feedforward
transconductors G and Gpg which are made up from Miya_ips and Mipa_sps. It

should be noted here that M;ps_szs makes up both the input transconductor and the
feedforward transconductors. This efficient design simplifies and compacts the circuit.

Moreover, the loading effect and power dissipation are minimized.
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As can be seen, guasi-floating gate (QFG) transistors are used so that the
circuit can operate from a supply equal to threshold voltage. Their gate voltages are
set to one of the supply rails (i.e., Vpp and Gyp) via very large resistors which are
implemented using transistors (i.e., Mrgi1as and Mrgzag) Operating in the cutoff region.
Signals inside the circuit are coupled through the gate via capacitors and large
resistors hence making the gate terminals behaving as the floating terminals for the
signal frequencies as small as a few hertz up to gigahertz range [36].

Derived from the schematics in Figure 4.2 and Figure 4.3, Gyis, G and a can

be expressed as

G iacz) = Eomipas) (4.4)
Grgtcsy = Eminacsy T Eoniraca) (4.5)
o= Emb2pa(8) (4.6)

Emanatsy T m2pacn)

By substituting Egs. (4.4)-{4.6) into Egs. (4.2) and (4.3), G4, and Gg, can

be expressed as

Emb2pa(8)

Gy = Emmamyr T (gmlNA(B) + gmlPA(B)) (4.7

Eranas) T &mrram

Snb2raB)

Gcm = gmb]A(B)P - (ngNA(B) + ngPA(B)) (48)

Emanasy T Emarar

According to Egs. (4.7) and (4.8), if the gate and bulk transconductances of

Miowae), and Myapas are set such that gmimaet8miras = Smanae)*Emzeae) 8N Cmpirae) =

Crmb2ea8) Cam and Geym Will be 2,148 and zero, respectively.

4.1.3 Improved BD-QFG PDA with Gain-Enhancement Network (GEN)

The proposed PDA in the previous section has three main drawbacks: (1) the
PDA stitl has a low effective input transconductance (i.e., Gy = 28mp1age) Which leads
to a small differential-mode gain, (2) the output impedance is low (i.e, Ry =

Fownas)||foreae) €specially for modern deep submicron MOSFETs and (3} the output
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common-mode voltage is undetermined. This section presents a method for solving
the aforementioned problems.

The transcondutance of the feed-forward PDA as previously described is
enhanced by incorporating a gain-enhancement network (GEN) as depicted in Figure
4.4 The topology is similar to Figure 4.2 except that the gain-enhancement network
(GEN), which are made up of cross-coupled transconductors Gppmy and Grms, is
augmented at nodes A and B. The purpose of the GEN is to enhance the impedances
at nodes A and B via a partial positive feedback mechanism, thus the differential
voltages at nodes A and B are boosted. Transcoductors Grpam and Grpae Operate as

the inverting amplifier that has the voltage gain of -a.

Gain Enhancement Network (GEN)

o

Figure 4.4 Gain Enhancement PDA

The circuit operation can be explained as follows. Let us assume that the
input voltages are differential signals (i.e., viy = —vip = v;} (see solid line). The input
voltages are converted into currents through Goiu and G, and also converted into
currents through Gpua and Gppus Which lead to a large decrease and increase of the
voltages at the high impedance nodes A and B, respectively. The voltages at nodes A
and B are then converted into large currents through G, and Gy Which are finally
combined constructively with the currents from G, and G

However, if the input signals are common (v;;=—v4,), the impedances at nodes

A and B are relatively much smaller than that of the differential-mode case. The
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output currents of G and G, and the output currents of Gz and Gy are out of
phase, thus the common-mode output currents and common-mode
transconductance (G, are suppressed. This property of the PDA that is able to
generate large differential-mode and small common-mode output currents allows

the proposed topology to have a large common-mode rejection ratio (CMRR).

The differential-mode (G, and common-mode (G.,} transconductances can

be derived as shown below.

Gnyfmw) G

de = Gma'A(B) + G G mffA(B) (49)
af 24(B) ~ T mf 34(B)
G = Gy =D (4.10)
cm T ™ miA(B) G + G affd(B) .
mf2A(B) mf3A(B8)

In comparing Eqs. (4.2} to (4.9), the expressions of Gy, are similar. The only
difference lies in the second term where the multiplication factor of Gpme in Eq.
(4.9) IS Gpraey(Gmpaaer—Gmpaw)- Large Ggy is realizable by designing Gupae to be
slightly larger than Gupmag. It is also noticed that small G, in Eq. (4.10) is also
realizable by properly choosing Gusuae, Gmpae and Gupue. Since a condition of
having large Gy, and small G, can be satisfied simultaneously, a large common-
mode rejection ratio (CMRR) can be readily achieved.

A transistor-level implementation of the topology in Figure 4.4 is ilustrated in
Figure 4.5 Transistors Mp, and M implement the two matched input
transconductors G and G Mips and Mipg together with Myys and Myye implement
the feed-forward transconductors Gug and Gmgs. A cross-coupled transistor pair My,
and Mzyg make up the gain-enhancement network (GEN). My,p, which operates as an
adjustable resistor via a control voltage Vi, and Rss ensure that the impedances at
nodes A and B are positive and large. Mps and Mpz implement the transconductors
Gmpia and Gnpp and, at the same time, Gmpa and Gups, respectively. This efficient
design, in which Myp.g implements Grug and part of Guyge while Meauge implement
both Grpae and Gaypag, simplifies and compacts the circuit. Moreover, the loading

effect and power dissipation are minimized.
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Figure 4.5 Transistor-level implementation

Derived from the schematics

in Figure 4.4 and Figure 4.5,

transconductances Gma, Gmig: Gmpaey Cmpagy and Gpeug and Gpgag),

expressed as

Gmr‘A(B) = Eup1ra3)
GmflA(B) = Emb2pA(3)
= Emarad)

Gn;f2A(B)

Gmf3A(B) = Emana(8)

G

w8y = Empas) T Emnacs

the

can be

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

By substituting Egs. (4.11)4(4.15) into Egs. (4.9) and (4.10), Gy and Gy, can be

expressed as

Eub2pA(8)

-1
Emrpas) ~ Emanam t 2 ('RAB | R )

G, = Enirasy T

Emb2pA(8)

G, = Eusrpaa) ™ (gmlPA(B) + grnlNA(B))

Erarady T Emanaca

(ngPA(B) + gmlNA(B})-

(4.16)

(417



77

According to Egs. (4.16) and (4.17), if Gmopa@—Smonaw = —2(RuglRey) and
CmipaEtSmiva® = Smoeat@manae, the differential-mode and common-mode
transconductances become very large and zero respectively. Practically,
Gmona)—Cmeeas Should be designed to be smaller than 2(:‘?,43|]H’,ub)_1 so that the
stability of the PDA is maintained. This condition can be satisfied by properly
choosing Rag, Vi and dimensions of Mzpsg and Mayse. Note that a bias voltage Vi is

used to set the DC voltages at high resistance nodes A and B.

4.1.4 Output Impedance Enhancement and Common-Mode Voltage

Setup

QOutput impedance enhancement and common-mode voltage setup can be
achieved by connecting an output stage as depicted in Figure 4.6 to the PDA. The
output stage is configured in both positive and negative feedbacks. The positive
feedback uses cross-coupled transistors Mg and Mges to enhance the output
impedance and thus the open-loop eain. In addition, the negative feedback
configuration implemented by Mspsg and Rq is used to set the common-mode
voltage. As can be seen, the output stage is simple since there is no need for a

complicated common-mode detector as conventionally done in most CMFB circuits.

Mipy Mipy  Mipg arp
B R
Vap - il Vip
Vol O VWAS-AAA O Va2

Van Re Re Van

MiL—ilg ®, Jriv—J;M

Figure 4.6 Output stage

The differential-mode  (Zougam) and common-mode (Zouemy ©OUtput
impedances can be determined by analyzing the small signal equivalent circuits of

the output stage and shown as below.
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1

= (4.18)
Rl Rc) — Embara(s)

Zouf(dm) = (

1

I
Ry + 8rspacey T Bmbaraay

(4.19)

out(em)

where Ro 1s rospatel|roma@llr oseae)|Foseal|rosnate)-

According to Egs. {4.18)4.19), Zyukam can become large if Ro||Re is set to be
slightly larger than gmuepae),-

By setting the drain current of Mys e equal to that of May, s, a2 common-mode

voltage (Vouxemy can be determined as

I
Yourtomy = Voo _lVrpsl _\/; C (WB/L) + R 1, (4.20)
pox

IPA(B)

where Vs is the threshold voltage of Mspag).

Practically, Viouem should be set equal to Vpp/2 for a maximum output swing,

From Egs. (4.16)-(4.17) and Egs. (4.18){4.19), Ay and A, can be derived as

Emparam 1 (4 21)
A =\ Zampagn T = (gml.PA(D) +gmlNA(B)) o )
|: Zmaracs) ~ Ewanamy T2 (Rl R.ma) (Rl Rc) L)

Emb2PA(8) 1
A =| Emorpaiey = (gmlPA(ﬂ) + anINA'(B)) R (4.22)
Emrrae) T Emzia) o T+ &uspaey T Embaracs)

The common-mode rejection ratio (CMRR) can be derived as

dm

CMRR =

om

Eb2racny
Emsipam T I (gmml(m +gmh\’,j(,n}) o
_ Euzraisy ~ Emanamy T 2 (R,m | R, ) Ry + &msramy T Buwsaraim) (4.23)
Enb2r1(8) R IR .
- EubrrAm (gmww) +gmlMd(ﬂ)) ( ol C) Enbaracm

Eurraemy T Emanam



79

4.2 Performance Analysis
4.2.1 Frequency Response

The frequency response of the circuit can be analyzed from the small-signal
equivalent circuits of Figs. 4.5 and 4.6, which is depicted in Figure 4.7 where Cyg and
Coueae) are the total parasitic capacitance at node A(B) and output node respectively,
their capacitance given by CA'(B) = Cosmt + Cospt + Cosma + Cospz + Capnz and Coveamy = Capmt +

ngnl + ngpl + Cdbn3 + Cdbp3 + ngn3 + ngpB + ngp4 + CL-

The frequency compensation is accomplished by incorporating two feed-
forward capacitors Cg at the nodes A and B which act like a short circuit at high

frequency.

EmlaVa Emb3paVoz Empvae
val? gmb:sPBVol ?Vo 2
Vil O—e—0 O—e—0V2
EmbP14Vid EmbP1BVR
-_— vcm R 0 e
Comd gm4PAvcm gm4PBch Cowus

1 "

Lo Py
I/gm2PB RA_BJ_ avﬂ Va
EmbP28Yil
-1/ Bm2NE 1_613 " C
£

Figure 4.7 Small signal equivalent circuits of Figure. 4.5 and 4.6

;
®

EmbP24Viz

By using typical circuit analysis, the open-loop gain of the PDA can be derived

as below.

Adm (1 + i]
Do (4.24)

Adm (S) =
(HLJ[HL]
@Dpy Wp,

where 4, is the low-frequency gain given by Eq. (4.21)
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According to Eg. (4.24), there are one LHP zero (@), one dominant LHP pole

(@) and one non-dominant LHP pole (@p,), which are as follows.

Sb2paca) (gmlPA(B) + gmlNA(B))

Wz ==
(gmblPA(E) + &umpray T Emnacsy ) C_ﬂ'

(Ro | Re )—1 — Embara(B)

Caur.d (B)

Dpy =

-l
2 (RAB { Rsub) * Euara) — Emanas)
C wn t C '

Dpy = —

From Egs. (4.21} and (4.26), the gain-bandwidth product (GBW) is

gm gm + gﬂl 1
GBW = A, (0)-w,, = b2PA(B) ( 174(B) WA(B)) -

O
Em2ras) ~ Emanamy T 2 (RAB [ R.mb) Corrm(ﬂ)

The overall phase margin can be determined as

PM zlgoo_tan-l(GBW]_tan-[(GBW]_'_tan-] (GBWJ
@p, Dpy @y

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

It should be noted thatw,, is located in the left half plane. This zero will add

positive phase margin to the frequency response, thus simplifying the design of the

amplifier.

4.2.2 Noise Analysis

input-referred noise voltage of MOSFET is dictated by flicker and thermal

noises at low and high frequency, respectively. At low frequency, the input-referred

flicker noise ¥, ,,, of the proposed PDA can be derived and shown as below.

wL), (WL),, (WL),,

V = N
{1/ 1) 2
Calan / +(l + gfiw J[Kpgfizp KNgfrZN J

c +
8map (WL)zp (WL):ZN

X, gim n gisp n gfmp +X, gim’ n gf;s.'v
( (WL),, (L),

|

(4.30)
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where the parameters Ky and Kp are the flicker noise process-dependent constants of
NMOS and PMOS, respectively. C,, is the gate capacitance and other parameters
have their usual meanings.

At high frequency, the input-referred thermal noise ¥, , can be derived and

shown as below.

Bk, Ty n
V:,m =_""“"(;z |:3m1p + Bpiw "’(1"“_2"” Erar T Buazn t
dmr

m2p

+
YR YRy,

1
]‘*‘3me +Eusn T Emar T R ] (4.31)
C

where kg and T are the Boltzmann constant and absolute temperature, respectively

According to Egs. (4.30) and (4.31), the input-referred noises are inversely
proportional to Gy, As a result, appropriate bias condition and transistor dimensions
should be arranged so as to maximize Gy, €.g., using large transistors and/or large
bias current. Obviously, the PDA suffers from a fundamental tradeoff between its

noise performance, chip area, frequency response and power consumption.

4.2.3 Minimum Supply Voltage and Output Swing

Based on the proposed PDA, the minimum supply voltage can be determined

as

VDD(min) = Max(Voy + Vopsarws |VTP| + VDSATP) (4.32)

where Vpy and Vpp are the threshold voltages of NMOS and PMOS, respectively.

According to Eq. (4.32), Vpppmim depends on the threshold voltages and
saturation voltages. Apparently, a CMOS process with lower threshold voltace leads
to the PDA that can operate at a lower supply voltage.

It is noted that bulk-driven MOS transistor has a parasitic bipolar junction
transistor which can cause latch-up. Nevertheless, latch-up will not occur if its bulk
voltage is limited to a low voltage level. For the supply voltage as low as 0.5 V, rail-
to-rail input common-mode range can be achieved without latch-up.

The output voltage swing is limited by the output voltage swing of the input
transconductors Gmusp and feedforward transconductors Gugus, and it can be

expressed as below.
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(4.33)

VDSAT(M,MU,)) = Vam(swing) = VDD"VDSAT(M,,W))

where Visar stands for saturation voltage.

4.3 Multiple-Feedback (MFB) Filter Application

To demonstrate the circuit performance, the proposed PDA is used to build a

fully-differential multiple-feedback (MFB) filter topology [95] as shown in Figure 4.8

Yy
Y] Y3
Vis
T
Vi o—_
YI Y_g
Yy

-

Fiure 4.8 Multiple-Feedback (MFB) Filter Topology

From the circuit topology in Figure 4.8, its transfer function can be derived as

Va(s)= Y;YB (a34)
Vi(s) Y(L+L+%+Y,)+LY,

H(s)=

Table 4.1 Passive component of the MFB filter

Filters | T3 Y b Y Y

LP R, Co | Ry | R | G5

HP Ci | Re | G5 | G4 | Rs

BP R] Rz C3 C4 RS

By replacing the passive components Y3-Ys with either R or C as shown in
table 4.1, different types of filter can be achieved. The transfer functions of the MFB
as low-pass filter Hpls), high-pass filter H.e(s), and band-pass filter Hgdls) are

summarized in Table 4.2
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Table 4.2 Transfer functions of filters

Filter | Transfer function K @, e

@
KT R 1 C.
Hip(s) x @ 2 - T - (RIR; I R,)
s +-58 t+a, R R.R,CC, R.R,C,
o | *—— | & | o | [
s+t ¢ RRCC, ¥ R (G+C+C,

1 1 1 1 1
—_—— RCC,| —+—
R +RJ \/ o 4[R|+R2J[C3+C4]

Hprls) | _p 0’ ﬁ( & ]

4.4 Simulation results

To evaluate the circuit performance and robustness, the proposed PDA has
been verified using Cadence Spectre and a standard 0.18 pm CMOS technology with
nominal threshold voltages Vo and Vip of 0.45 V and —0.5 V, respectively. A 0.5 V
supply was used and the input and output common-mode voltages were set to
Vp/2, e, 0.25 V. The transistor dimensions are listed in Table 4.3. The resistors Rsg
and Rr were 9 kQ and 50 kQ, respectively. The bias current (i) of the output stage
was 6 A,

Figure 4.9 shows the transient response when a 10 mV, (10 kHz) sinusoidat
differential-mode and common-mode inputs were applied to the PDA. The
differential-mode (vg=V,;—V,s) and common-mode output voltages (V=(V,i+V,o)/2)
read 200 mV and 0.3 mV, respectively.

Figure 4,10 and 4.11 show the differential-mode (A4, and common-mode
(A.m) frequency characteristics, respectively. The differential mode gain was 57 dB
and the common mode gain was —41 dB, resulting in a common-mode rejection ratio
of 98 dB. The bandwidth (BW) and unity gain frequency (fp) of Ay, and A.,, were
around the same (i.e., BW = 1 MHz and f; ~ 100 MHz). The phase margin was 83°.

Figure 4.12 shows the DC transfer characteristic of the PDA connected in a
unity gain configuration. The PDA demonstrated large output swing. Figure 4.13 shows
the transient response when an input square wave of 100 KHz with an amplitude of

+/- 0.35 V was applied to the PDA, which is connected in the unity gain configuration.
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Clearly, a good settling behavior is observed. The slew rate was 2.9 V/uS. The input
referred noise as a function of frequency was illustrated in Figure 4.14 which showed
86.39 nV/vHz at 1 MHz and read integrated noise of 378 pV(rms) in a range from
100kHz to 10 MHz.

To investigate how the process variation and device mismatch influence the
CMRR, Monte Carlo simulations have been carried out. A one thousand iteration
Monte Carlo analysis was performed. The Monte Carlo statistical result of the CMRR
that accounts for the presence of the process variation was depicted in Figure 4.15.
The smallest and largest CMRRs were 69.67 dB and 98.43 dB, respectively. The mean
value was 85.98 dB and the standard deviation was 7.44. The maximum number of
occurrences was at 82.45 dB. Monte Carlo simulation of the CMAR that accounts for
device mismatches was depicted in Figure 4.16. The smallest and largest CMRRs were
48.86 dB and 91.89 dB, respectively. The mean value was 70.51 dB, while the
standard deviation was 9.24. The maximum number of occurrences was at 72.76 dB.
Obviously, the device mismatch plays more significant role than the process variation
and, therefore, appropriate layout techniques is essential.

The layout of the proposed PDA was illustrated in Figure 4.17. It occupied the
chip area of 154 x 138 pmz. The performances of the circuit from a post-layout
simulation were summarized in Table 4.4. As can be seen, the performances were in
good agreement with those from the pre-layout simulation.

Figure 4.18 shows the frequency response of the MFB filter. The components
of the LP filter were R;=10kQ, Ry=10kQ, Ry=31kQ), C,=5pF and Cs=2.5pF, while the
components of the HP filter were R,=60k(2, Rs=15kQ2, C,=30pF, C3=50pF, C;=20pF.
Finally, the components of the BP filter were R;=10kQ}, R,=10k2, Rs=80k€2, C5=10pF,
C4=3.5pF. The quality factor Q was 0.34.

Table 4.4 compared the performance characteristics of the proposed PDA
and the others reported in the literature. To achieve a fair comparison, a figure of
merit (FOM) as defined in Eq. (4.35) was utilized [61). This FOM includes four key
parameters, namely, gain bandwidth product (GBW), power dissipation (Pp) and load

capacitor (C,).

GBW (MHz)x C,(pF)

(4.35)
IV

FOM =
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It can be seen in the last row of Table 4.4 that the FOM of the proposed PDA

is higher than most of the PDAs

Table 4.3 Dimensions of Transistors

Transistors W (Lum) L (um)
Minag) 10.4 0.5
Mipas) 38 0.5
Manate) 10.4 0.5
Mapats) 38 0.5
Mans 24 0.5
Mapate 14.8 0.5
Moot 23.1 0.5

Qutput Voltage (V)

Time (pS)

Figure 4.9 Differential-mode and common-mode output voltages
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Figure 4.18 Frequency response of filters

Table 4.4 Performances of the proposed circuit and other reported OTAs

Parameters [23} [24] [28] This work
Technology 0.18 ym (N-well) | 0.18 um {Triple-well) 0.18 pm (N-well) 0.18 pm (N-well)
Power supply 05V 0.5V 05V o5V
DC Gain a8 dB 65 dB 56 d8 57 dB
GBW (C,=20pF) 2.4 MHz 550 KHz 3.2 MHz 1 MHz
Phase margin a5° 50° 58° 86°
CMRR 78 dB 86 dB 73 dB 98 dB
PSRR 76 dB 76 0B 93 dB 82 d8
Input ref, noise 90 nV/\le 432 nV/\IHZ 74 nv/ '\IHZ 86.39 nV/'\le
Linearity HD3@0.4Vp-p HD3@0.5Vp-p THD@0.17Vp-p THD@O0.5Vp-p
=-40 dB =57 dB =-40dB =-40 dB
Slew rate 2.92 V/5 0.23 VS 1.34 V/pS 2.9 V/uS
G 20pF 20pF 1pF 20pF
Power consumnption 110 uW 28 pW 45 W 48 W
FOM (x100) 43.6 39 7 417
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4.5 Conclusion

This chapter presents a low-voltage bulk-driven quasi-floating-gate pseudo-
differential amplifier (BD-QFG PDA). The feedforward technique using simple circuitry
was introduced o suppress the common-mode signals. The gain-enhancement
network and output stage were developed to enhance the differential-mode gain
and set the common-mode voltage. Both input and output stages operate in class
AB. The circuit was simulated at 0.5 Volt supply using a standard CMOS technology
process. The results demonstrated wide input and output signal swings, relatively

large differential-mode gain and small common-mode gain.



CHAPTER 5
CONCLUSIONS

5.1 Summary and Discussions

This thesis deals with the design of pseudo differential amplifiers (PDAS) which
are important parts of analog signal processing circuit. PDAs find several applications
in numerous analog circuits such as G-C filter, current feedback amplifier,
instrument  amplifier, oscillator, and data converter. As a result, nNumMerous
approaches have been proposed to design PDAs. In this thesis, the author utilized
existing analog circuit design techniques 1o implement OTAs which can operate at
low supply voltage with rail-to-rail capabitity and also their applications using
standard CMOS technologies.

The summary of the thesis can be discussed as follow:

First of all, the design and application of PDA using a current-mode common-
mode feed-back (CMFB) circuit is presented in the section 3.1. The CMFB converts
the output voltage signals into currents, which is then applied to two current mirrors,
operating as a common-mode detector. The current amplifier is used to enhance the
loop gain, resulting in minimized gain error. The positive feedback is also employed
to enhance the differential gain of the system. The proposed CMFB shows low
common-mode gain and rail-to-rail capability.

Additionally, the design and application of a CMOS inverter-based class-AB
PDA is proposed in section 3.2. The circuit is designed based on a CMOS inverter and
low-voltage wide-swing CMFB circuit. The proposed PDA demonstrates rail-to-rail
operation. The simulation results show that the circuit can operate at the supply
voltage of 1 V with the differential and CM gains of 38 and -15 dB, respectively. The
unity-gain frequency is 1.42 GHz and the power dissipation is 102.5 MW,

Finally, the design and application of the low-voltage pseudo-differential
amplifiers (PDA) is presented in chapter 4. The feedforward technique using simple
circuitry was introduced to suppress the common-mode  signals. The gain-
enhancement network and output stage Were developed to enhance the differential-
mode gain and set the common-mode voltage. Both input and output stages
operate in class AB. The circuit was simulated at 0.5 Volt supply using a standard
CMOS technology process. The results demonstrated wide input and output signal

swings, relatively targe differential-mode gain and small common-mode gain.
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5.2 Suggestions for Future Work

In the future, it witl be necessary to investigate in more detail the benefits
and drawbacks of the proposed PDAS. Two issues which have not been yet
thoroughly investigated are the performance of these circuits in the presence of
process variations as well as mismatch by using both gate-driven and butk-driven
quasi-ﬂoating-gate transistors. A Tmore in-depth characterization of the noise
performance of PD circuits is also needed. It will also be necessary to develop more
low-voltage and low-power analog applications such as Gn-C filter, and analog-to-
digital converters in the future, so that eventually a comptete system can be
devetoped which runs off of a sub-volt power supply-

Furthermore, it is evident that the bulk-driven quasi-floating-gate (BD-QFG)
approach as a research topic is increasingly poputar. The author recommends looking
into other new application areas using the BD-QFG approach and developing the

improved versions of the above author’s circuit blocks.
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APPENDIX A
THE DIFFERENTIAL-MODE AND COMMON-MODE

OUTPUT IMPEDANCE OF THE PDA

- In case of output common-mode current
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Based on the proposed PDA in Figure A.1, the output current (i,; and i) can

be shown as
) v ) ) v v 24
zol=~L‘-+(1+a)zR+Azm=——21—+(1+a)—~‘3‘—+—’6 » (A1)
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Figure A.1 Conceptual structure of PDA with proposed CMFB
Since the output common-mode current is i, = (i, +1,,)/2, we have
v, +v, (1+a+24p)
Z + R vO(.‘
B, =— = (A.3)
2

By substituting v,, = (v,, +v,,)/2 into equation (A.3), we obtain
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=[ 1, (1+a+2Aﬁ)})
VA R, ”

ol

1+(1+a+248)Z, /R
=|: ( o ﬂ) out I,Z}VOC (A4)
Zﬂllf
Thus, the common-mode output impedance (Z,) is
Z,, == 2 (A.5)
i, |1+(1+a+248)Z,. /R,
- In case of output differentiat-mode current
the output current (i,; and i,5) can be shown as
.V .V v
== +(l-a)i == +(1-a)= (A.6)
I Zom f ot RI,Z
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From equations (A.6) and (A.7), ing is
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Lg =l ™Iy = ( ) w12 Vod (A.8)
ZO!"
Since v, =(v,, —v,,), the differential-mode output impedance (Z,) is
de — vod — Zou.' (Ag)
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APPENDIX B
THE DIFFERENTIAL-MODE AND COMMON-MODE
TRANSCONDUCTANCE OF THE PDA

When the input signat is differential (v;;=-viz), the output currents of the circuit

in Figure B.1 are given as

gmb2Pvit
Iy = mptp¥n T - (gmlP + 8, N) (8.1)
Erap — 8man T 8ornw T 8o2p +2R 5 : 1

_ EmparVia
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Figure B.1 Small signal equivatent circuit of the feedforward PDA

The differential output current igy is thus given by

Emp2p (gmlP +gm1N) ( ) (B.3)
12 )

Py=i =i, = e (Vi = Vi )+
od ol o2 abl P\ Vil i2 3
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From Egs. (B.4), the differential-mode transconductance {Ggm} can be

expressed as

Eup2p
|
€o2p—Eman T 8oan T &o2p T 2R p

G = Emmp T (gmlPA +gmlN)

In the case of common-mode signats (viy=vy), the output currents are

8mpar¥il
Zmap + 8man T 8oan T 8o2p

(gmlP + gmlN)

Iy = EmuipVin —

Emp2rVio
Zap ¥ Bman T Boaw T 8a2p

(gmlP T &mn )
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Since, i =(i, +i,)/2, thus the output current is given by

r Toc
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(B.6)

(B.7)

(8.8)

(B.9)

By substituting v, =(v,+v,)}/2 into equation (B.9), the common-mede

transconductance (Gem) is

(gmlPA +gmlN)
Emopt Eman T Boan T 8ozp

Gcm =Egup gmeP

(B.10)
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APPENDIX C
FREQUENCY RESPONSE OF THE PDA

Rased on the small signal equivalent circuit in Figure C.1, the transfer function

is given by
A+ Bs
F(s)= (C.1)
() C+ Ds+ Es* + Fs® +Gs*
where
2
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Figure C.1 Simplified smallt signal CMFB loop (see in chapter 3)
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The generic pole-zero transfer function can be written as

K [1 +LJ '
Bz (C.9)

[1+—5—J[1+LJ[1+LJ[1+ § )
@py @py Dp3 Dpy

The poles in the denominator term can be derived using the following
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By comparing equations (C.1} and (C.11), the pole-zero can be express as
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CoctucRe T Cocloclon C,ptapRe + CopPocton * EustacTontorCot T CotouRe + Corloctu Coitonlot
+ZsTocTapReCo T 8us'. cTopRiCe + ReRCp 1, e RCet reReCo +1,pR:Co +rpReCe

P uslocTon (Clg)
Cotlor (RF Tl +roD)+ 8mstocton (raLCaL +RCe + chc) +CcRy (Rc +retlp

o

1

Wpy > — (C.20)
7.,C +Co(Re+Ry)
D
E
CoclucRr+Coclucton t CoptopRr + CoplocTon ZpstoctonloiCo * CoutuRe + Cotlucton + Cotonlor (C.22)

+&stoclanRcCo LostocTan e Co + ReReCe + reReCo+ e ReCe roRcCe +1pfrCe
CocCoplucTonRe ¥ CoeCosFoctor B + CocCortocTonTor + CocColuc ReRe + C,cCorctopRc + CocCotuclanle
+C,pC o rupton e + CopCotucTanor T ConCelopReRe + CooCeluctooRc + C,pCelochopRe t+ EmsCotCetuctonTor e
+8,5Co CoructontaRe + C, CeruReRe + C,.CetucturRe + CosCelutfosRe + CoiCerntakc + CoCerufuRr

Coctoc (RF +7,5)+ Cap¥op (Re+ tuc )+ Cotor (Re 1t fup)

gt cTop (FCop + ReCe + ReCe )+ Cc (Re (Re+rct 1)t Re(roc ) (€.23)
CocCotocToL (RF +op ) +CcReRp (CaCroC +Cottor ) +CopCottoplL (RF + "ac)
+C,pCelopReRr + CocCopluctonle
+ (RF +R; ) (8sCorCctucton®or * C,.Cclictu, + CarCctontor * CopCeuctop + CacCelocton )

o T8mslacTep (1 Cor + ReCo 4+ ReCe)+CeRr (R +ric +7,0)+ Re (rc 7)) (C.24)
(RF +R ) (gr:rSCaLCCroCraDraL +Cpy Colocton + Ca Cetopto T CopCelacTon + COCCCraCroD)

. 8uslocTon ('LLCaL +RCe + 'RFCC)+ Ce (RF (Rc Tre t roD)) (C.25)
ngCoLCCraCroDraL (RF +RC)
_ EumstocTon (roLCoL +Ce (RF +Rc)) +Ce (RF (roC + QD)) (C.26)

2sCo Cetuctontor (RF +Re )

~

oo 7,,Co + Ce (Rp +Re) (€.27)
” CoCelur (RF + Rc)
Wpy * _E (C.28)
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CCoptuctunRe +C,  Coituclu Re + CocCotlocTonlit +C, Oty ReRe +C o Ceructupfe +C cCotoctopRF
+C o CoutiopTur Re +CuDCoLruCroDroL +CopCerunfc R +Cop Cetuctonflc +C,pCotucunRe + 8,sCuColuctantauflc
+gmsco.'.c ructopfoll e+ CuCeluRcRe +CuCe racrnLRc"'Co:Cc loslte +C s Cenalusfe +C, Celptufir (C29)
CeCopCatlacTuonl i B +CocCopCoelctunc Re +CoeCuCoructun ReBr +CocCoyCoucTanTo Re
+C L Coluctunt ro R +CopCoCotontuBe Ry +C.,CyCetichtuRe 4+ C,5CorCeTuctopto Rr

CoCC L oC ol (R +rD)+C R R (CDC oC DLrDL)+c0DCOLrUDrﬂL (RF +ruC)
+C,,CctopRe R +C, CDDracrﬂDR
(R +R )(gmsca[. roctoptor + CorCeluctor CoCelaptL + CooCetucton +C,cCe, C'roD) (C.30)
C,cContoc rpR (cuL o PR )+CLCCr R.R ( aCroC+cuDroD)

+C, CoToctoplat (Coc + aD)(RF + RC)

(RF +Rc)(gmscor.cc wctonfoL +C, . Cetocton +C, Celoplo +CpC¥uclon +C,cCet, c"an) (C.31)
CocConlocton F( wor T CcR )+CDLCCr R.R (CoCr +Cop. oD)

+Coy Cetactoplat (Coc* Cop)(Re + Rc)

~

ngCoLCC o OD ol (R +RC) (C32)
CoLC aD oL (COC oD)(RF + RC)

ng
@py = — (C.33)
" (COC + CaD)
F
Wp,y = e (C.34)

C,eConCottic FoptoRe +CcCopCeliclon R.Re+C, CaCch, Tt ReRe + C,eCoCet ro et e

C CCoLCC aCruDruLR +C0DC0LC "oDrnLR R +CoDCoL c’ aCrODroLRC +C0DC°LCC °CrﬂDrDLR (C35)
CocCopCoColuctonot RpR.

CocConTucoo RE (Cor.’:;t. + CC'RC)+ CoLCCroLRERF (Cac"oc + CoDraD)+ C o Coluchonlos (CoE +Cop )(RF + Rc) (C36)
CDCCGDC C Toc nDraLR R

_ CoCopTuc TR (Cnl.roL +CcR ) +C,Cela (RCRF (Coc"'oc + Cuo"ov) +reTp (Coc + CnD)(RF +Re )) (C37)
CoCCnDCpLCCraCrﬂD?:JL‘RFRC

CaCCnDCﬂL “clontuRr +C, Cet, (R R (CnC - T Cop. oD)+rC ol (Coc +C0D)(RF +Rc)) (C.38)
CoCopnCotCetuc rola ReRe

~— CnCCoDCaL oC Fap aLR + CoLCC ol ('R (CaC ol + C )+rucroD (CnC + CoD )) (C 39)

C,eCooCulCr I Tanto Rr R;
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CoeConCottoctonTor R +C, Cc FocToplor Re (Cuc + CaD) {(C.40)
C,cCopCotCoticton, L ReRe .

~ CaLrnC';DroLRF (CnCCaD + CC (Cﬂf + COD )) (C 41)
C,cCopCa et wcToplo RF e .

ol

C
mp4 ~ CaCCnD + C (CDC + CaD) (C.42)
CrJCCnDCC‘RC
The transfer function of CMFB is
5
Acuirs (V)] (1 + E)—]
Zi (C.43)

Acrs (s)= . P
(l + —FJ(I + -S—)[l + —S—} (1 + ——]
@p, @Dpy @py Dpy

where the DC open-loop CMFB gain is equal to

2
?ﬁgmm"uc’;pror. (l‘gmsRF) 28
ACMFB(O) = ad _—gnlblraLRF (C'q'q')
GsTocTop Thhe +Top + Re R

From Egs. (C.20) and (C.44), the gain bandwidth product (GBW) is

288 st R 1
GBW = 4 0) @, = mblP ol F . C.45
cnars(0) - @py R P Coyt C. ( R+ RF) ( )

Since @,, and wp,are far away from the unity-gain frequency, the overall

phase margin can be determined as

PM ~180°—tan™ [ GBW ] —tan™ [ GBWJ +tan™ [GBWJ (C.46)
@Dpy @py @Dz,

According to Eq. (C.46), the left half-plane zero @, will add positive phase

margin to the frequency response of the CMFB.
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APPENDIX D
NOISE ANALYSIS OF THE PDA

The voltage and current thermal noises of resistor (R) are

V2 = 4kTR (D.1)
- 4kT

i =— (D.2)
"R

The flicker noise (1/f) at low frequency and thermal noise at high frequency

of the transistor are
-Flicker Noise (1/)

- K
e L (D.3)
CoxWL f
-Thermal Noise
2 2
i?=akTyg, = 4kT§ Zm (D.4)
The open loop gain of the PDAis
(D.5)

Ay = (gm]N +8mpt usn gnaSP)(roN i roP)

By using (D.1)4D.4), the thermal output noise of the circuit shown in Figure

D.lis

(D.6)

8
V2 =§kT (gmlN +gmlP +gm8N + gmBP

4kT
Y e+ (v 176

ol

Viz

AL
Moy M

he CMOS inverter-based PDA

Figure D.1 Noise analysis of t
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We can find the input referred noise spectral density of the PDA as

e | 4kT
Vz - _-[EkT (gmlN + Emp + N + ngP)(r"N “ rop)z +T(roN ” Ter )2] (D7)

inth = 42
AV

By substituting equation (D.5) into (D.7), the input referred thermal noise can

be expressed as

S 4kT
V;'rzr,m = 22 3 (—S-kT(gmlN + gmlP + ngN + ngP)(roN ]] roP)z +—}2—(an ” raP)Z] (D‘8)
(G + 8ar) (T |l re) \3
— 2 8 4KT
]7:':,1'11 = —_——_Z.[EkT(gmlN + gmlP + grrrSN + ngP) +T] (Dg)
(gm]N +gmu=)
The input referred flicker noise is
K K
Vi, =2 L r 1 (D.10)
Cox (WL)N f Coux (WL)P f
The total input referred noise of the PDA is determined by
Vi= Vnz,(h'f) + K:::m (D.11)

K, 1 K, 1| (D12

W)y T Cox(L), T

- 1 8 4KT
V=2 —_'_'_‘[—kT(gmm +gml]“+gm8N+gmBP)+ )“‘
|:(gmlN +gmlP)2 3 R Cox
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APPENDIX E

TRANSFER FUNCTION OF THE B
OSCILLATOR

ANDPASS-BASED

Figure E.1 shows the block diagram of a single-ended version of the proposed

oscillator. The open loop gain is determined by

4(0)=-2-=G, ED
ot
Figure E.1 Basic structure of proposed oscitlator
The transfer function of the band pass filter (BPF) is
1
E—S
(£.2)

Vput
1

B0 = GG R IR

i
m S
R’ZCI R1C1R2C2
The loop gain according to Barkhausen Criterion has to be equal to one:
Gy
_E_S
=1 (E.3)

— !
AB S2+1+CI/CE+R2/R,S+ 1
RZCl RI.CIRZCZ

The oscillation frequency (@) is given by



Y 1
jo Yt
(o) * RER,C,

The transconductance (G

0

1 0

e =
RICIR2C2

1

0, ==
\i RlclRZCZ

} has

G

n

—S

C

1

to meet the following condition:

m

2

1+C /Cy Ry IRy
RC,

>1+CllC2+R2/Rl

R2
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(E4)

(E.5)

(E.6)

(ET

(E.8)



APPENDIX F

TRANSFER FUNCTION OF THE MFB FILTER

From Figure F.1, summing the currents at node V, gives
I =1 (Vi'Vx)=Iz+Is+I4 = Y2V1+Y3V.\: +¥, (Vx "'Vo)
Y, Y,
Y, £ Y, -

¥ ! i L o

+ +
Vi L Vv
o— s ‘ —0

—

Figure F.1 Generalised multiple feedback circuit

Re-arranging (F.1) leads 10

vy, =V, (%4 Y+ 6+ 1)1

and

yxy, <V, [ (Y + 1+ 1) -]

Rearranging equation (F.5) yields

e 2 W—

VO
v, (Y Y+ )Y
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(F.1)

(F.2)

(F.3)

(F.4)

(F.5)

(F.6)



116



117

APPENDIX G
LIST OF PUBLICATIONS

. Apirak Suadet and Varakorn Kasemsuwan "A CMOS Inverter-Based Class-AB
pseudo Differential Amplifier for HF Applications’, in proceedings of the
2010 IEEE International Conference on Electron Devices and Solid-State
Circuits (EDSSC'10), pp.1-4, 2010.

. Apirak Suadet, Thawatchai Thongleam, varakorn Kasemsuwan, Kasin
Vichienchom, “A 0.5V volt rail-to-rait CMO5 pseudo-differential OTA using
simple feed-forward technigue”, in proceedings of the 2010
International Conference on Electrical Engineering/Electronics,Computer,
Telecommunications and Information Technology (ECTI-CON’11), pp-
106-109, 2011.

. Apirak Suadet and Varakom Kasermnsuwan, “A Current-Mode Common-Mode
Feedback Circuit (CMFB) with Rail-to-Rail Operation”, Journal of RF-
Engineering and Telecommunications (FREQUENZ), vol. 65, pp.47-54, 2011.
(ISSN 0016-1136, IF2016=0.462)

. Apirak Suadet and Varakorn Kasemsuwan, “A CMOS inverter-based class-AB
pseudo—DiﬁerentiaL amplifier with current-mode compmon-mode feedback
(CMFBY”, Analog Integrated Circuits and Signal Processing, vol. 74, pp. 387-
298, 2013. (ISSN 0925-1030, IF2016=0.623)



118

[LEE Inrs enational Cenlerrncn on

Electron Devices and

Solid-State Circuits

. Daogember 1% 17, 2010 Holidsy Ian Goldon BMilg, Bong Ko

@IEEE




119

2010 [EEE International Conference of Electron Devices and Solid-State Circuits (EDSSC)

A CMOS Inverter-Based Class-AB Pseudo
Differential Amplifier for HF Applications

Apirak Suadet

School of Electronics, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
Bangkok 10520, THAILAND
E-mail; 2610120@kmitl.ac.th

Abstract— This paper presents a CMOS inverter-based class-AB
pseuda differential amplifier for HF applications using new
simple rail-to-rail CMFB circuit. The proposed circuit employs
two CMOS inverters and the complementary common-mode
feedback (CMFB) consisting of current mode common-mode
detector and transimpedance amplifiers. The circuit has been
designed using 0.18 gm CMOS technology under 1V supply, and
the simulation results shows that the rail to rail output swing is
achieved with low common-mode gain (-15 dB). The output
swing of the circuit is 0.7 V. The power dissipation of the circuit
is 06 uW.

Keywards-pseudo-dy' erential amplifier; common-mode

Seedback; class-AB; CMOS inverter

1. INTRODUCTION

Nowadays, a high performance analog circuit using low
voltage becomes essential mainly due to the advance of the
large scale integration with complicated circuit systems and the
demand for battery-operated portable cquipments. However,
supply voltage reduction in analog circuit causes several
performance degradations and, therefore, new approaches in

the design are needed to obtain analog circuits with enough
bandwidth, gain and linearity.

Operational transconductance amplifier (OTA) is one of the
most basic cells as OTA finds many applications in many
analog circuits such as operational amplifier, voltage
comparators, A-D and D-A converters and high frequency
filters. Several approaches have been proposed to design low
voltage OTA [1-14] using both fully differential (FD) and
pseudo-differential (PD) configurations. FD is typically based
on a differential pair with a tail current source while PD is
based on two independent inverters without tail current source.
It is known that avoiding the voltage drop across the tail
current source, in a PD structure, allows wider input and output
ranges, and makes the architecture attractive for low power-
supply applications. However, PD structure requires an extra
common-mode feedback (CMFB) circuit, which serves two
purposes: 1) to fix the common-mode voltage at high
impedance nodes and 2) to suppress the common-mode signal
components.  Several approaches have been proposed to
achieve CMFB [1-10]. Switched-capacitor circuit was
propased to build a CMFB [1], and the resulting circuit shows
small power consumption. However, the CMFB circuits

978-1-4244-9996-0/10/$26.00 ©2010 IEEE

Varakomn Kasemsuwan

School of Electronics, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang
Bangkok 10520, THAILAND
E-mail: kkvarako@kmitl.ac.th

introduces clock-feed through eror and load capaeitance, [2-3]
used simple resistive divider to sense the voltage of two
differential nodes. As a result, the voltage swing of the CMFB
is not limited. However, not only do these resistors require
large silicon area, they load down the output impedances. (4]
used MOS resistive network with bulk-driven CMFB
technique. However, the circuit has quite low output
impedance and high common gain. To solve the problem,
methods of employing MOS transistor as CMFB circuit have
been proposed [5-6]. The CMFB consists of CM detector and
one stage amplifier. Asa result, the common-mode gains are
quite high and, in addition, the output swings are limited. [7-8]
employs transistors with two stage common-mode amplifiers.
The resulting common-mode gain is low. The problem with
this structure is that the circuit has limited output swing and
potential ~ oscillation problem.  [9-10] proposed  the
complementary CMFB, which can achieve both low commot-
mode gains with good output swings. However, the circuits are
complex and show high power consumption. [11-12] proposed
positive feedback technique to increase the differential gain.
However, the circuit shows quite high common-mode gain

(A= —6dB).

In this paper, a CMOS inverter-based class-AB pseudo
differential amplifier (PDA) using a new common-mode
feedoack (CMFB) is proposed. The CMFB consists of 2
current mirror (CM) and transimpedance amplifier (TA). The
common-mode gain is found to be low (-15 dB). The positive
feedback is also employed to increase the differential-mode
gain. The output swing of the circuit is 0.7 V.

1II. THE PROPOSED PSEUDO-DIFFERENTIAL AMPLIFIER

A Conventional Closs-AB oTA

A conventional class-AB OTA is shown in Fig. 1(a). As
seen, the circuit is based on CMOS inverter. It js well known
that CMOS inverter has high gain and less power consumption.
In addition, it contains no internal nodes and, as a result, the
performance of the circuit will not be much degraded by the
extra parasitic poles at high frequency.

The PD structure using CMOS inverter is shown in Fig.
1(b). It can be easily seen that the differential-mode gain (Aum)
is the same as the common-mode gain (A.m), Tesulting in the
unity common-mode rejection ratio (CMRR=Aun/Acm). Since



large Acm can lead to large common-mode variation at the
output 1131, therefore common-mode feedback (CMFB) circuit
is required.

Voo Voo
Mp M Mo
Vo Vor Vaz
Vi Vi Viz
My Min Moy
@ )

Figure 1. (a) Inverter-hased single-ended OTA {b) Pseudo-differential OTA.

B. The Proposed PDA Structure

The proposed PDA is based on the configuration shown in
Fig. 2(a). As seen, PDA consists of the two independent
CMOS inverters (Minr -M,yp) and common-mode amplifier
(CMA), which serves two purposes: 1) to detect the common-
mode signal at the output nodes (¥ and Va2, and 2) to
provide positive feedback (see dash line) to enhance the output
impedance and differential gain.

Vir

Quin Cw2h

L CcM

(b}
Figure2, The proposed PDA (@) Circuit configuration (b} Structure of CMA.

The operation can be explained as follows. In case of the
common-mode output signal (Vors=Va)s CMA will amplify
v, and negatively fed back the result (Vems) t0 the bulk
terminals of M;pze such that the common-mode output voltage
is suppressed. On the contrary, CMA will not respond to the
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differential-mode signal Vo= —Vorhs namely, the output of
CMA (Vema) Stays constant. The DC common-mode voltage is
set by V. It is noted that the common-mode gain can be further
suppressed if Vima is 2lso fed back to the bulk terminals of
M y2n. This can be made possible in the triple-well process.

Fig. 2(b). illustrates the architecture of the proposed CMA.
As seen, CMA consists of two matched resistors (R), two
current mirrors (CM) and transimpedance amplifier (TA). The
operation of the CMA can be explained as follows. When the
output voltages from PDA are differential signals (see solid
signal), these voltages are converted to the currents through
resistors R. These currents, which have the same magnitude but
opposite phase, flow to each resistor and are mirrored to the
Outzs, and Oubg terminals (with the current gain of .
Because these currents have the same magnitude but opposite
phase, there will be no input current flowing into the
transimpedance amplificr (TA) and, thus no voltage variation
at node C. In addition, the currents through resistors R are
mirrored to the Out;s and Outis terminals (with the current
gain of a), and positively fed back to the output of the PDA,
thus enhancing the output impedance (at nodes V,; and Vaz)
and differential gain of the system.

When the outputs from PDA are common-mode signals
(see dotted line), the common-mode current flows through
nodes A and B with the same amplitude and phese. As 2 result,
the summation of these two currents are added constructively
and passed to transimpedance amplifier (TA). The amplified
output voltage Vems is negatively fed back to the bulk terminals
of M;p,2p to SUpprIess the common-mode voltage, as discussed
previously.

Straight forward small signal analysis shows that Agn and
Aem can be derived and shown as

Z
A = _G ont
dot M(IH)[1+(1_a)z IR] (l)

‘ont

Z
A =__G ol 2
e ”“"’[H(l+a-2gm,,ﬁR,,-)ZmlR} @

where Gugwy is the transconductance of the CMOS inverter
(GM”NJ=gm]N‘2N+ngP'2P), Zout is the output impedance of the
PDA (Zui=roinaw/roirar), & and fare the current gains of the
current mirrar (CM), Emb is the bulk transconductance of
Mpsp, and Rrp is the transimpedance gain of the
transimpednace amplificr (TA).

From Egs. (1) and (2), one can find the common-mode
rejection ratio as

CMRR =22 =[
Aa’l

1+ (1 +a —2gmbﬁ‘RF)zom " R (3)
1+(1-a)Z,, /R

From Eg. (3), one can notice that CMRR. can be increased
if the transimpedance gain (Rp) is large. In addition, the
current gain c and fof current mirrors A and B also play roles
in determining the CMRR.
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Figure3. The proposed class-AB pseudo-differential amplifier (PDA).

C. Circuit Implementation

The circuit implementation of Fig. 2 is illustrated in Fig. 3.
Miyp-Moyp consist to be the input pseudo-differential
amplifier, while M3y ~Mpy p consist to be 2 wide swing CMFB
circuit, My p-Msyp form the current mirmor A while Mgyy-
M;np are used to form the current mirror B. The current gain
with the ratios of & and f can be achieved by adjusting the
aspect rations of MgMp, MJMP (MﬁMP_, Mg},l.p) and MJN:P; MJMP
(M6M P Myw;p), I'ESPCCtiVely.

It is noted that the choice of a requires precaution. A large
value of « can result in a large differential pain. However,
large value of @ can drive the circuit unstable. In practice, &
should be set a little bit larger than one to compensate for the
loss, due to the imperfection of the current tmirror not being

able to perfectly mirror the current from the input to the output.

In this work, « Is set to 1.3 to enjoy both differential gain and
stability. The value of B plays role in determining the
common-mode gain, because it is part of the CMFB circuit.
As seen in Eq. (2), large value of # results in low common-
mode gain. However, it is noted that large £ requires large
transistors, thus large standby current and parasitic capacitors,
which can degrade frequency performance of the system. In
this work, £ is set to 3.

Transistor Mgyp and Ry consist to be the transimpedance
amplifier (TA). The transimpedance gain of the circuit is set
by the resistor Rr. The transimpedance amplifier is employed
here to enhance the gain of the common-mode amplifier
{CMA) and, at the same time, to reduce both input and output
impedances (at nodes C and D), so that the time constants
associated with these nodes are low.

The de common-mode voltage level (V) is equal to the
voltages at nodes A and B, which is given by [14]

- Voo = TR{IN 6N) "‘Vrp(sr.sp) v

c + Y voneny @
1+ \/ﬂN(BN,GN)/ﬂP(JP.éP)

where ﬁNﬂN.ﬁf\U:PnCOX{ W/L)g]v'm and ﬂprjp,ép)=ﬂPCox(W/L)yl.ép

For maximum output swing, we have set Swanern and
Braren such that Ve is equal to Vpp/2.

HI. SIMULATION RESULTS

To verify the circuit performance, Spectre is used to
simulate the proposed circuit, using a 0.18 san CMOS process
under the supply voltage of 1 V. In this work, the bias currents
of all transistors are chosen to optimize both gain and power
dissipation.

Fig. 4 shows the DC transfer characteristic of the proposed
PDA. As seen, the output swing shows rail-to-rail operation.
Fig. 5 shows the transient response of the output voltages for
both differential-mode (V,,, V,2) and common-mode {V,.),
when the input signals are differential and common-mode
voltages with the amplitude of 10 mV, at 10 kHz. As seen, the
differential-mode output voltage reads 0.7 V, while the
commen-mode output voltage reads only 0.4 mV,,.

Fig. 6 shows the frequency response of the proposed PDA
in case of the differential-mode input signal. The DC gain is
found to be 36 dB, while the -3 dB and unity gain frequency
are 8,5 MHz and 800 MHz, respectively. The phase margin is
85°. Fig. 7 shows the frequency response of the PDA in case
of the common-mode input signal. As seen, the common-mode
gain is relatively much smaller (-15 dB), while the bandwidth
is almost the same as in the differential-mode case. The power
dissipation of the proposed PDA is 96 pW.

Cutput Valtape (V)

Input Volhage (V)

Figure 4. DC transfer characteristic.
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Figure 5. Differential and common-mode output voltages,

40 ! ==t i = 150
ain
! } { 4 : e Phase [ 1060
30 oo sl L NN L e i
1 ] i i 140
! 1 i
i 1 i 120
| 1 i 1 —~
L e S Wt el N
o - N 5
2 | 1 1 S\t 190 )
3 i i | ~ w0 3
3 - 20
T e e e S e D
i I i I L
i { i 1 i ] \ 60
LN
L T e e e et | 4¢
R N
i 1 I i | 20
} : d i i
=10 ' Y 'r Y T . 0
10K 100K I 1OM 100M 1G 10G
Frequency (Hz)
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Figure 7. Common-mode gain and phase margin.

IV. CONCLUSIONS

In this paper, 2 CMOS inverter-based class-AB pseudo
differential amplifier for HF applications is proposed. The
circuit is based on CMOS inverter, and low-voltage wide-
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swing CMFB circuit. The proposed PDA has been designed
using 0.18 zm CMOS process. The simulation results show
that the circuit can operate under the supply voltage of 1 V
with the differential and common-mode gains of 36 dB and -15
dB, respectively. The unity gain frequency is 800 MHz, and
the power dissipation is 96 uW.
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Abstract- This paper presents a low voltage CMOS pseudo
differential OTA using simple feed-forward technique. The circuit
employs feed-forward technique to suppress the common-mode
gain, and positive feedback to enhance the output impedance, The
circuit is designed using 0.18 am CMOS technology under 0.5 V
supply. The simulation results show rail-to-rai] input/output
swing, achieved with low common-mode gain (-35 dB}. The output
swing of the circuit is 0.3 Vpp. The power dissipation of the
circuit is 50 W,

I. INTRODUCTION

In recent years, the scaling of CMOS technologies as well as
the increasing use of portable equipments has forced the
reduction of the supply voltage to subvolt regime. The analog
circuitry must be adapted in order to operate under such
stringent conditions in order not to degrade the signal-to-noise
ratio (SNR). It is well known that supply voltage reduction in
analog circuitry causes several performance degradations and,
therefore, new approaches in the design are needed to achieve
enough bandwidth, gain and good linearity.

Operational transconductance amplifier (OTA) is one of the
most basic cells as OTA finds many applications in many
analog circuits such as operational amplifier, continuous-time
Gp-C filters, oscillators and data converters. There have been
several proposed circuit techniques to realize QTA [1]-[14]
using both fully differential (FD) and pseudo-differential (FD)
configurations. FD is typically based on a differential pair
with a tail current source while PD is based on two
independent inverters without tail current source. It is known
that avoiding the voltage drop across the tail current source, in
a PD structure, allows wider input and output swings, making
the structure attractive for low voltage applications. However,
PD structure requires an extra common-mode feedback
(CMFB) circuit to suppress the common-mode signal, thus
degrading the PD performance, since CMFB behaves as an
additional load. Furthermore, CMFB circuit has to be carefully
designed to avoid stability problems, resulting in complex
circuitry and more power consumption. Another alternative is
to use common-mode feed-forward (CMFF) technique [1-2].
Although CMFF fails to fix the DC output voltage [3], stable
DC output voltage can still be obtained for the OTA configured
in the cascade configuration, e. g. filter, where the DC output
voltage is set by the input common-mode level of next stage.
[4] proposed the feed-forward technique, which achieved
enhanced differential-mode gain and suppressed commeon-
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mode gain. However, the circuit has limited input common-
mode range and low cutoff frequency operated in weak
inversion.

Several techniques have been proposed to achieve OTA with
rail-to-rail operation. The N-P differential pairs are employed
[5]. However, this approach is restricted for supply voltages
greater than two threshoeld voltages. The dynamic level shifters
have been proposed to provide a rail-to-rail operation at low
supply voltage (6]. Unfortunately, this approach requires
complicated circuit, which then increases the silicon area and
power consumption. [7] proposed the transconductor with
resistor input technique. Although the circuit achieved rail-to-
reil input swing, the input impedance was quite low, and
depended on the resistor employed.

The use of bulk-driven MOS transistors in the input stage
was proposed as a useful alternative to design amplifiers able
to operate with a supply voltage in the order of the threshold
voltage [8-10]. In this manner, the threshold voltage of a
MOSFET can be removed from the signal path, and rail-to-rail
operation can be achieved. The main drawback of bulk-driven
method is the bulk transconductance (gns), which is 4 to 5
times smaller than the gate transconductance {gn), resulting in
relatively low DC gain and higher input referred noise [11].
Furthermore, a quasi floating gate (QFG) technique has also
been employed to design amplifiers. In this technique, input
signal is capacitively coupled to the Lransistor gate, while a
very large-valued resistor weakly connects this gate to one of
the supply rails. As a result, the dec pate-source voltage is set to
the supply voltage, thus enabling the QFG circuit to operate
under a low voltage environment [12]-[13].

In this work, a low voltage pseudo differential OTA using a
bulk-driven {BD)} and quasi floating gate CMOS inverter
(QFG-inverter) is proposed. The circuit uses novel feed-
forward circuitry to simultancously suppress common-mode
signals and enhance the differential-mode signals. Positive
feedback is employed to enhance the output impedance. The
resulting circuit exhibits large input/output swing.

II. THE PROPOSED PSEUDO-DIFFERENTIAL OTA
A Bulk Input Pseudo-Differential OTA
A basic low voltage bulk input PD-OTA is shown in Fig. 1.
As seen, the circuit consists of two independent bulk input

PMOS ftransistors (M,p and M,p) and two active load NMOS
transistors (My and May). Rail-to-rail input swing is achieved
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as long as the value of the forward current through the bulk
terminal is maintained at a low level. The minimum supply
voltage of the circuit is approximately equal to the threshold
voltage of the MOSFET employed.

Voo

M

Figure 1. Basic bulk input PD-OTA,

B.  Proposed PD-OTA Structure

From Fig. 1, it can be easily seen that the differential-mode
gain (Ay4y,) of the basic bulk input PD-OTA is the same as the
common-mode gain (A.,), making the circuit prone to
interferences and supply noises [14]. To suppress the common-
mode response, a newly developed feed-forward circuitry has
been proposed as shown in Fig. 2. As seen, PD-OTA consists
of two independent bulk-driven CMOS inverters (Mpw ~
M@)p) and two feed-forward inverting attenuators (FFA) with
an attenuation factor of —a. The feed-forward attenuator serves
two purposes: 1) to suppress the common-mode signals at the
output nodes (¥, and ¥,;), and 2) to enhance the differential
transconductance (Gyn) of the systein.

The operation can be explained as follows. In case of the
common-mode input signals (v 2=V,.), FFA will attenuate v;;
and negatively feed forward the attenuated signals to the gate
terminals of My and May. Since the input signals and
attenuated signals have opposite phase, the common-mode
output current is then suppressed. On the contrary, in case of
the differential-mode signals (vy=-vg), the input signals at the
bulk and attenuated signals at the gate are in phase, thereby

increasing the differential-mode output currents and
differential transconductance (Ggy,).
CMOS tuverter  Vpp  CMOS Inverter
.-WLPE i Vi Myp
@:1_‘ ] . I_l B
: b0 o—
an Vrl‘.‘
M, IE _ Moy
"""""" <

Figure 2, The praposed PD-OTA configuration.
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From Fig. 2, the differential-mode transconductance (Gm)
and common-mode transconductance (G,,,) can be derived and
shown as

G = Zapmiz) T & Euigz) (1)

G, = ey ~ X o) )

where gnsrizy is the bulk transconductance of Mipam, gmiz) =
B @)y T Emp1(2) » Emm(2) @NA Zmpy2) A€ the pate transconductance
of Mz and Mz, respectively.

From Eqs. (1) and (2), if o is set t0 ZmepiayEmi2), Cum and
G, will be equal to 2g,p1(2) and zero, respectively.

C. Circuit Implementation

The circuit implementation of the proposed OTA s
illustrated in Fig. 3(a). As seen, the circuit consists of two
bulk-input QFG-inverters (Mymnv-Miame) operating as PD-
OTA, and feed-forward attenuator (FFA) (Maagan-Moagmp) with
an attenuation factor a of gmezam(grzametEmaaaw). The de
operating point at the quasi-floating gate is set to Vg and Vg,
through large pull-up and pull-down resistors (R;) realized by
PMOS and NMOS operating in the cutoff region, respectively.
Since Rg is very large, the cutofT frequency can be very low
(below 1 Hz) and, as a result, very low input frequency can be
passed and processed by the QFG transistors.

The output impedance enhancement technique using positive
feedback is shown in Fig. 3(b). As seen, the bulk inputs of
transistors My,p and Msgp form a cross coupled pair. The
differential-mode (Zg(um) and common-mode (Zgg.) output
impedances at the output nodes (V,; and ¥,;) can be easily
analyzed using straight forward small signal analysis and
shown as

1
—t
Zal Rc) — Embrar) P
1
ZD{cm) = -l (4)
(zo 4 Rc) + Bob3acmp

@

z()(r-'m) =
(

where Zg is "o1A(H)P”"oIA(H)N//"OJA(H)P”"OM(B)N'

Similarly, the differential-mode transconductance (G,) and
common-mode transconductance (G.,) can be derived and
shown as

Eaiaime t Bmatn ()
Eorimy T Burzarmye T Emzatmn

Gn = Euwragmyr + Embzacayr [

Emagmr t Bonatmn 6)
Eoainy T Buzaimp T Baratmym

Con = Empraiimr ~ Empratmp (

where goaay i (Fozrgyelrozamn) ™

From Fig. 3, the bias voltage at the body terminal of My
is zero, while the body bias voltage of M) yg)p is set to Fpp/2 so
as to maximize the input swing, The difference of the body
voltages results in mismatch on the threshold voltages of
MIA(H)N and M;,qw)p, i.ﬂ., VDDIZ causes the threshold voltage of
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Figure 3. The proposed PD-OTA (a) circuit implementation (b) cutput impedance enhancement.

Miyap to decrease due to the body effect, and hence,
unsymmetrical output swing. In this work, Vg, is set to 60 mV
in order that symmetrical output swing is achieved. It is noted
that Fy; could be set to ground, and the input signal can be
connected to the bodies of M)y and M, ymw (sce dash line) if
NMOS and PMOS have separated wells. We have found that
the performance of the circuit is improved in doing sa.

The de common-mode output voltage (Voeag) is set by the
bias voltage (V) through resistor Rc as shown in Fig. 3(b). In
our design, F¢ is set to Fpp/2 to maximize the output swing.

III. SIMULATION RESULTS

To verify the circuit performance, Cadence Spectre is used
to simulate the proposed circuit, using a standard 0.18 am
CMOS process (Fyuy & | Vg = 045 Volt) to operate under the
supply voltage of 0.5 V. In this work, the bias currents of all
transistors are chosen to optimize both gain and power
dissipation.

Fig. 4 shows the open-loop frequency response of the
praposed PD-OTA in case of the differential-mode input signal.
The DC differential-mode gain is found to be 35 dB, while the
-3 dB and unity gain frequency are 1 MHz and 100 MHz,
respectively. The phase margin of the proposed circuit is 80°,
It is noted that the open-loop gain is increased up to 40 dB if
input signal is connected to both body terminals. Fig, 5 shows
the common-mode gain of the PD-OTA with (solid line) and
without (dashed line) the feed-forward attenuator circuits. As
seen, the common-mode gain with FFA (-35 dB) is relatively
much smaller than that of the PD-OTA without FFA (13 dB).

Fig. 6 shows the transient responses of the output voltages
for both differential-mode (¥,;, ¥,2) and common-mode (V,.),
when the inputs are differential and common-mode voltages
with the amplitude of 10 mV,, at 10 kHz. As seen, the
differential-mode output voltage reads 0.3 V, while the
common-mode output voltage reads only 0.065 mV .

Fig. 7 shows the proposed PD-OTA configured as a closed-
loop inverting amplifier with the unity gain configuration (R;=
R;) and Fig. 8 shows the voltage transfer characteristic of the
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closed-loop amplifier. As seen, the output signal shows rail-to-
rail operation. The power dissipation of the proposed PD-OTA
is 50 pW.
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IV. CONCLUSIONS

In this paper, a low veltage rail-to-rail CMOS pseudo
differential OTA using simple feed-forward technique is
proposed. The circuit employs QFG-inverter, enabling the
circuit to operate under a low voltage supply. Feed-forward
technique is used to suppress the common-mode response. The
proposed OTA has been designed using 0.18 zm CMOS
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process. The simulation results shows rail-to-rail operation,
The differential-mode gain is increased, while the common-
mode gain is suppressed.
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A Current-Mode Common-Mode Feedback Circuit (CMFB)

with Rail-to-Rail Operation

Apirak Suadet! and Varakorn Kasemsuwanl*

! King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, Thailand

Abstract. This paper presents a current-mode common-
mode feedback (CMFB) circuit with rail-to-rail operation.
The CMFR is a stand-alone circuit, which can be connected
to any low voltage transconductor without changing or up-
setting the existing circuit. The proposed CMFB employs
current mirrors, operating as common-mode detector and
current amplifier to enhance the loop gain of the CMFB.
The circuit employs positive feedback to enhance the output
impedance and gain. The circuit has been designed using a
0.18 pem CMOS technology under 1 V supply and analyzed
using HSPICE with BSIM3V3 device models. A pseudo-
differential amplifier using two common sources and the
proposed CMFB shows rail to rail output swing (£ 0.7 V)
with low common-mode gain (—36dB) and power dissipa~
tion of 390 uW.

Keywords. Common-Mode Feedback, Pseudo-Differential
Amplifier, Common-Mode Detector.

PACS®(2010). 85.40.Bh, 85.25.Hv.

1 Introduction

At present, a high performance analog circuit using low
voltage is strongly demanded. This is mostly due to the
advance of the large scale integration with complicated cir-
cuit systems, and the increase of the demand for battery-
operated portable equipments. However, supply voltage
reduction in analog circuits causes several performance
degradations such as degraded intrinsic gain, limited volt-
age swing and less dynamic range. As a result, circuit tech-
nigues become mandatory to design analog circuits having
sufficiently large gain with rail-to-rail capability,
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Current mode circuits, whose input/out signals are pri-
marily currents, contain low impedance nodes resulting in
small voltage swings. As a result, the circuits are not re-
stricted by the supply voltage and large input and output
current swings can be attained. In addition, low impedance
nodes imply low time constant, enabling the circuits to op-
erate with high bandwidth,

The operational transconductance amplifier (OTA) is one
of the most frequently used basic cells. OTA finds many ap-
plications in many analog circuits such as operational am-
plifier, voltage comparators, analog-to-digital and digital-
to-analog converters, and high frequency filters. At present,
differential OTAs are often used in industry products, since
they provide improved dynamic range over their single-
ended counterparts. In addition, they can reject common-
mode noise, contain no even-order nonlinearities and in-
crease output voltage swing. Several approaches have been
proposed to design low voltage OTA [1-16] using both
fully differential (FD) and pseudo-differential (PD) config-
urations. FD is typically based on a differential pair with
a tail current source, while PD is based on two indepen-
dent inverters without tail current source. It is known that
avoiding the voltage drop across the tail current source, in
a PD structure, allows wider input and output ranges, mak-
ing the architecture attractive for low power-supply applica-
tions. However, PD) structure requires common-mode feed-
back (CMFB) circuit which serves two purposes: 1) to sta-
bilize the common-mode voltage at high impedance nodes
and 2) to suppress the common-mede signal components.
In general, CMFB senses the common-mode (CM) output
voltage, compares the result with a reference voltage and
uses negative feedback to set the CM output voltage to the
value that optimizes the output voltage swing,

Several approaches have been proposed to achieve
CMFB [1-17]. [1,2] used the switched-capacitor (SC) tech-
nique, resulting in lower power consumption. However, the
SC-CMFB circuits introduce clock-feed through error noise
and increase load capacitance, making circuits not appro-
priate for low voltage continuous time applications, [3-5]
used simple resistive divider to sense and average the volt-
age of two differential nodes. As a result, the voltage swing
of the CMFB is not limited. However, not only do these re-
sistors require large silicon area, these resistors load down
the output impedances, thus affecting gain of the system.
To solve this problem, methods of employing MOS tran-
sistor as CMFB have been proposed ([6-10]). The CMFB
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Figure 1. Block diagram of the proposed pseudo-differential amplifier (PDA).

consists of CM detector and one stage amplifier. Unfortu-
nately, output swings are limited. [11-14] employed tran-
sistors with two stage common-mode amplifiers, The re-
sulting common-mode gains are quite low. The problem
with this structure is the limited output swing and poten-
tial oscillation problem. In addition, the bipolar transistor
technology in [12] is not compatible with the well-known
CMOS technology. [15, 16] proposed the complementary
CMFB, which can achieve both low common-mode gains
with good output swings. However, NMOS and PMOS
with the same threshold voltage and transconductance are
required, which may not be true in general. [17] proposed a
positive feedback technique to increase the differential gain.
However, the circuit shows quite high common-mode gain
{Aem = —6dB).

In this paper, a current-mode common-mode feedback
(CMFB) circuit with rail-to-rail operation is proposed. The
CMFB is a stand-alone circuit, and can be connected to
low voltage transconductor, without changing or upsetting
the existing circuit. The CMFB consists of current mirrors
and resistors operating as a common-mode detector. The
current amplifier, which consists of transimpedance and
transconductance, is employed to enhance the loop gain of
the CMFB, resulting in minimized relative gain error, The
positive feedback with tunable current mirror is employed
to enhance the differential gain of the system. The proposed
CMFB shows low common-mode gain (—36 dB) and rail-
to-rail capability.

2 Proposed Common-Mode Feedback
2.1 Commen-Mode Feedback Architecture

Figure | illustrates the architecture of the proposed PD. As
seen, the PIJ consists of an input transconductor Gy and
CMFB. The proposed CMFB consists of two matched re-

sistors (R; = R3), two matched current mirrors and two
stage current amplifier (transimpedance and transconduc-
tance amplifiers). When the output voltages from Gusny
are differential signals, these voltages are converted to the
currents through resistors R; and R; (sce solid signal).
These currents, which have the same magnitude but op-
posite phase, flow to each resistor and are mirrored to the
Outy 4 and Out, 5 terminals (with the current gain of 8). Be-
cause these currents have the same magnitude but opposite
phase, there will be no input current flowing into the tran-
simpedance amplifier (Ry0) and, thus no voltage variation
at node C. In addition, the currents through resistors Ry and
R, are mirrored to the Outy4 and Outyp terminals (with the
current gain of ), and positively fed back to the output of
the input transconductor Gy¢yy, thus enhancing the output
impedance (at node V,,; and V) and differential gain of the
system.

When the output voltages from the Gy are common-
mode signals, the common-mode current will flow through
R, and R; (see dash signal) to nodes A and A’ with the
same magnitude and phase. As a result, the summation of
these two currents at the Quty, and Out;p terminals are
added constructively (i¢m,) and passed to the current am-
plifier (A4), which consists of the transimpedance (Rup)
and transconductance {G o) amplifiers. The output current
{Al,y) is then negatively fed back to the output node of in-
put transconductor Gy, resulting in the reduced output
impedance and common-mode gain of the system.

From Figure 1, it can be easily shown that the differen-
tial (Zym) and common-mode {Z.,) output impedances at
nodes V,; and V,; are

ZUU[
1+ (l - O!)zom/Rl,?_,
ZOUF
I+ (1 +a+248)200/R12

de = (1)

Zem 2
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Von

Figure 2. The proposed CMOS PDA.

where Z,, is the output impedance of the input transcon-
ductor, & and 8 are current mirror ratios, and A is the cur-
rent gain and equal to RyoGuo.

From equations (1)—(2), the differential-mode gain {4g4n)
can be derived and shown as

Adm = Gty Zam
Zom ]
.G
T 0-a)ZulRia) O

= —Gyaw) [

Similarly, the common-mode gain (A.m) can be shown as

Ao = "GM(IN) Zem
Zout } @
1+ (I 4o+ 248) Zae/R12 |

= —Guuw |:

From equations (3) and (4), the common-mode rejection ra-
tio (CMRR) is given by

CMRR =

Agm _ |:1 +(0+a+ 2Aﬁ)zoul/Ri,2] )
Acm I + (1 _a)zuul/Rl.’Z '

Obviously, CMRR can be increased, if A = RuyoGuo is

large. In addition, the current mirror ratios « and g play a
role in determining Agm, Acn and CMRR of the system.

2.2 Circuit Implementation

The circuit implementation of Figure I is shown in Figure 2.
M 5—Ma, 5 form the input transconductor Gy, While

M34,5~Mea g and M;—-Ms form a current-mode CMEFB cir-
cuit. As seen, M3s—Mga form the current mirror A, while
Msg—Mgg form the current mirror B. Since the impedance
at node A (and A’) is very small, the signal swing at node
V,1 (and Vo2) is therefore limited by the output swing of
the input transconductor {(Gywy). The ratios of « and f
(in equations (1)~(5)) can be set by adjusting the aspect
ratios of Myhg, MGA,B (a = (W/L)GA,B/(W/L)‘M,B) and
Masp, Msap (B = (W/L)sas/(W/L)aa,g), respectively.
It is noted that the positive-feedback term « can be used to
enhance the differential gain of the system. However, it is
instructive to note that an improper value of ¢ can also drive
the system unstable. In practice, o should be set a little bit
larger than one, to compensate the loss as a result of the
current mirror, which is nable to mirror the input current
to the output perfectly. In this work, & is set to 1.5 to enjoy
both differential gain and stability.

The value of 8 plays a role in determining the common-
mode gain. As seen in (4), a large value of 8 results in low
common-mode gain. However, it is noted that a large 8 re-
quires large transistors, thus large standby current and para-
sitic capacitors, which can degrade frequency performance
of the system. In this work, B is set to 10. The dc common-
mode voltage of the system can be designed and is equal to
Voo — Visa(a,g)- In this work, we set the dc common mode
voltage to Vpp/2 for the maximum output swing.

Important factors used to determine the bias currents and
sizes of Ms4 3—Mea g are the impedances at nodes A and
A’. Bias current and dimension of these transistors should
be chosen such that the impedances at both nodes are much
lower than Ry 3. As aresult, nodes A and A’ can be consid-
ered as ac grounds.

The current gain (A) of the CMFB depends on the gain of
the transimpedance and transconductance amplifiers. Here,
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transistor M and resistor RpF form the transimpedance am-
plifier (Ryo), while Mg—Ms form the output transconduc-
tor (Gumo)- Straightforward analysis shows that Ryo and
Guo are given by

S (1.07//’.0(34)) ~ —RF

e = (&)
1+ g7 (ro?d rowa))

Ryo = —RF
Guo = EmB.9- )]
As mentioned earlier, 4 = RuoGuo 15 an important pa-
rameter. Gain of CMFB should be sufficiently large so as to
obtain the common-mode voltage within the desired accu-
racy. From equations (6} and (7), one can increase the value
of A by increasing Rp and gums,9: In the design, however,
the choice of Rr requires some consideration, because Rre
also affects the impedances at node C and node D, thus the
time constant of the CMFB. It is known that CMFB should
contain the minimum number of poles to ensure the stabil-
ity and speed of the overall system. Similarly, the value
of Gupo in equation (7) needs some consideration, since
Zms,9 depends on the device dimension and bias current,
which affects directly parasitic capacitances and power con-
sumption, respectively. 1n fact, the choice of Rr and gms,o
strongly depends on the application for which CMFB is be-
ing applied.

2.3  Alpha (@) Tuning Circuitry

As mentioned earlier, « indicates the amount of the current
feedback to the output node, and can be used to adjust the
differential mode gain. However, we have found that ¢ is
quite sensitive 10 the stability of the system. Deviation of &
from the desired value could result in a reduced differential
gain or even cause the system to become unstable. Since
the value of @ depends on the matching of transistors, the
performance of the system could suffer from process fluc-
tuations. One solution to this problem is to design o with
tuning ability.
1n this work, we have developed a circuitry, which allows

us to une a electronically. Figure 3 shows such circuit (see
the dashed ling). As seen, the circuit consists of low voliage
current mirror (M71—-Mrs). Myi~Mr, are used to set the
bias voltage at the gates of M7z and Mssz. The bias cur-
rent of Mr4 is mirrored to M5, and causes the bias current
of My, and Mep to be equal. When the signal current ig
flows into the circuit, the variation of the voltage signal at
node X will pass through the capacitor C, and become the
gate voltage of Mg, which is further converted to the sig-
nal current I,z. Since fon = EmeéBUx and gnes 1S given by
(2uCo(W/L) Tnune) /2, One can express the relationship
between the output current and input currént as

f_o2_ == (W/ L)GB I_Blll"lﬁ

iR (W/Lysa Ip
From (8), it is obvious that the current gain o can be elec-
tronically tuned via the bias current Jpune.

&
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Voo

Figure 3. An electronically o tuning circuitry.

24 Compensation

Since CMFB introduces additional poles to the system,
common-mode stability needs to be investigated. By using
small signal analysis, one can find the impedances associ-
ated with nodes A (and A"), B (and B"), Cand D as

1

R = ——, ©
ANY T g 2 BBman,B (ToB2) )
1
Rpey = P (10)
o= RF + (rogaf ro7) (1)
1+ gw? ("034//"07),
RF + (rosall rossll ros3) (12)

D = TF gu7 Grosa f rossdl Tos3) '

where g and ro denote transconductance and output
impedance of transistor, respectively.

2,5 Geometric and Parametric Mismatches

Since resistor and transistor mismatches may occur due (o
process gradients, the circuit performance is of concern. We
have investigated and found that transistor mismatches in
the current mirrors A and B will not affect system perfor-
mance as long as the impedances at node A and A’ are much
smaller than Ry and Ra. Since the impedances at node A
and A’ are designed to be small, the aforementioned condi-
tion can be met,

In case of the mismatch between Ry and Ra, this could
result in an undesired output voltage. To explain this, let
us assume that Ry = R+ ARand R; = R— AR. One
can show that this mismatch can cause the common-mode
output impedances at nodes V1 ,0(Zemvo1) and Zenw2)) 1©
be different.
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Straightforward small signal analysis shows that these
output impedances are given by

Zem{vel) = o A?‘“ y , (13}
o
1+ (—m + —LR-AR) Zou
Zont
Zom(ve2) = . (14)
1+a+AB AB
I+ ( RoAR T R+AR) Zow

Since Vop» Doz A€ — G Zem(uo1)Vies ~Om () Zem(w2) Vie:
respectively, one can show that
(15}

Uo1 — Vo2 = —Guam AR Vie+

R
(1 + o +248)°
This differential output voltage, as a result of the resistor
mismatch, behaves indistinguishably from the differential
output signal, and could propagate to the next stage. From
(15), one can reduce this undesired output voltage by having
large o and large Af.

In addition to the resistor mismatch, the ratio mismatches
in parameters & and f — as a result of the mismatches in
Maap, Mea,s and Mapp. Mspp —can also cause differ-
ential output voltage. 1f we assume that these ratio mis-
matches are ¢ & Ae and & Af, one can easily show that
the undesired output voltages are given as

R
Vo1 = VUg2 = —GM(IN)Aa'z'A_z,B'Uin (16)
R
Vol — Vo2 = _GM(H\')A)B_'_UI'C-: an

AB
respectively.
Similarly, these output voliages can be reduced if AP is
large.

2.6 Minimum Supply Voltage and Output Swing

Based on the proposed circuit topology, the minimum sup-
ply voltage is given by

(18)

where Vg7 and Vpsaruas) are the gate-source voltage of
M, and drain-source saturation voltage of Mps, respec-
tively. According to equation (18), it s obvious that the
minimum supply voltage strongly depends on the threshold
voltage. Therefore, process with low value of Viyy can lead
to CMEB, which can operate at lower supply voltage.

As previously mentioned, the impedances of the input
current mirrors at node A and A’ are very small, thus caus-
ing both nodes to operale as virtual ground. As a result,
the output swing of PDA (Figure 2) is only limited by the
output swing of the input transconductor (Gargn)s which is
given by

Voominy = Vos7 + Vosar(mB3)

Vpsarmiap) = YouT(swing)

(19)

< Vpp — Vpsar(mzaB)-

Transistor (W/L)
Mips 9/0.3
Masg 33/0.5
Maa,p, M, Mo, M1 6/0.3
Maaz M3 8.5/0.3
Msa,p 60/0.3
Meu,8, Mr2 9/0.3
M, 18/0.3
Mgy, Mgz, Mpa, Mps 22/0.5
M3 220/0.5
Mra, Mrs 17/0.5
Table 1

3 Simulation Results

To verify the circuit performance, HSPICE with BSIM3V3
is used to simulate the proposed circuit using a 0.18 um
CMOS process under 1V supply. Bias current (Ig)issetto
20 pA. This bias current value is chosen to optimize both
gain and power dissipation of the circuit. In this work, R1,2
and the impedance at node A (and A'yare 50k and 180 €2,
respectively. The aspect ratios of the transistors are summa-
rized in Table 1. The DC level shifters (V¢) in Figure 2 are
designed using a simple resistor and current sources as sug-
gested by [18].

Figure 4 shows the DC transfer characteristic of the
PD with the proposed CMFB. As seen, the output swing
shows rail-to-rail operation, Figure 5 shows the output cur-
rent (iz2) of the circuit in Figure 3 for different values of
Tgune, When the input current (ig) is 10 42 App. The circuit
demonstrates the current gains (@yof 1,13, 13 and 1.7,
when Tpuwne are 10 2 App, 13 14 Apps 15 p App and 17 £ App,
respectively.

Figure 6 shows how the differential mode gain (Agm)
varies with . As discussed in Section 2, & can be used
to enhance the output impedance and thus differential mode
gain of the system. From Figure 6, it reveals that as & in-
creases, the differential mode gain increases. It is noted,
however, that an increase in ¢ causes bandwidth to de-
crease. This is because an increase in @ will increase the
output impedance, and thus the time constant associated
with the output nodes.

Figure 7 shows the common-mode gain for different val-
ues of B and Rr, while Figure 8 shows common-mode
bandwidth for different values of f and Rp. As seen, large
value of g and R can cause common-mode gain {Acm) tO
decrease as discussed in Section 2. Obviously, the choice
of 8 and Rf needs careful consideration. It is noted that a
large value of § also causes more standby current, and thus
more power dissipation, while large R causes impedances
at nodes C and D to increase, and thus degrading the band-
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width of the system, In fact, large 8 results in large par-
asitic capacitances, and large time constant, which then
also causes the common-mode bandwidth of the system
to decrease. However, we have observed that an increase
in Rp causes common-mode gain bandwidth to decrease
more rapidly than an increase in B, for the same value of
common-mode gain. Therefore, power dissipation, chip
area and common-mode gain bandwidth are important fac-
tors used to justify the value of B and Ry.

Figure 9 shows the transient response of the output volt-
ages for both differential mode (Vg = Va1 — Voz) and
common-mode (Vee = (Vo1 + Vo2)/2), when the differ-
ential and common-mode inputs are 17 mV at 10KHz and
¢ = 1.5 8 = 10and R = S00kS2. As seen, the
differential output voltage reads & 0.7V, while the out-
put common-made voltage shows only 0.03 mV variation.
Figure 10 shows frequency response of the proposed PDA
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for differential mode input signals. The DC gain is found
to be 35.6dB with the —3dB and unity gain frequency of
10.4 MHz and 1.25 GHz, respectively, while the phase mar-
gin is 83°, Figure 11 shows gain and phase for the common-
mode case. As seen, the common-mode gain is small and
found to be —36dB.

Figure 12 (a) shows an RC bandpass filter-based oscil-
lator using our proposed PD ([19]). In this type of oscilla-
tor, the oscillation frequency depends on the bandpass filter,
which is made of passive resistors and capacitors, the oscil-
lator frequency is therefore less susceptible to power supply
noise. Figure 12 (b} shows the output waveform, The oscil-
lation frequency is found to be 4 MHz, which is close to the
calculated result Ry = Ro = 45kQand € = G2 = 1pF
(foe = 1/27RC = 3.5 MHz). The power dissipation of
the proposed PDA is 390 u'W.
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4 Conclusions

This paper presents a current-mode common-mode feed-
back (CMFB) circuit with rail-to-rail operation. The CMFB
converts the output voltage signals into currents, which is
then applied to two current mirrors, operating as a common-
mode detector. The current amplifier is used to enhance the
loop gain, resulting in minimized gain error. The positive
feedback is also employed to enhance the differential gain
of the system, The proposed CMFB shows low common-
mode gain and rail-to-rail capability.
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Abstract This paper presents a CMOS inverter-based
class-AB pseudo-differential amplifier comprising current-
mode common-mode feedback (CMFB). The circuit
employs two CMOS inverters and the complementary
CMFBE consisting of current-mode common-mode (CM)
detector and transimpedance amplifier. The circuit has
been designed using 0.18 pm CMOS technology and
operates at 1 V supply. The simulation results demonstrate
rail-to-rail operation with low CM gain (-15 dB). The
power dissipation of the circuit is 102.5 pW.

Keywords Pseudo-differential amplifier - Common-
mode feedback - Class-AB - CMOS inverter

1 Introduction

Nowadays, a high-performance analog circuit operating at
low voltages becomes increasingly important due mainly to
the advance of the large scale integration with complicated
circuit systems and the demand for battery-operated por-
table equipment. However, supply voltage reduction in
analog circuit causes several performance degradations
and, therefore, new design approaches are required to
obtain analog circuits with sufficient bandwidth, gain, and
linearity.

Current mode circuits, whose input and output signals,
are primarily currents contain low impedance nodes

A. Suadet - V, Kasemsuwan (£0)

School of Electronics, Faculty of Engineering, King Mongkut's
Institute of Technology Ladkrabang, Bangkok 10520, Thailand
e-mail; kkvarako@kmitl.ac.th

A. Suadet
e-mail: s2610120@kmitl.ac.th

resulting in small voltage swings. As a result, the circuits
are not restricted by the supply voltage and large input and
output current swings can be attained. In addition, low
impedance nodes imply low time constants, enabling the
circuits to operate with high bandwidth,

The operational transconductance amplifier (OTA) is an
important analog building block. OTA finds many appli-
cations in many analog circuits, such as sample and hold
stages, comparators, data converters and high frequency
filters [1-6). Differential OTA is usually employed since
this approach entails a number of well-known advantages,
such as dynamic range extension, even-order harmonics
cancellation, and neises reduction. Many approaches have
been proposed in the design of differentiat OTA [1-30]
using both fully differential (FD) and pseudo-differential
(PD) configurations. FD is typically based on a differential
pair with a tail current source, while PD is based on two
independent inverters without a tail current source. It is
known that avoiding the voltage drop across the tail current
source allows wider input and output ranges and makes the
architecture attractive for low power-supply applications.
However, PD structure requires an extra common-mode
feedback (CMFB) circuit, which serves two purposes: (1}
to fix the common-mode (CM) voltage at high impedance
nodes and (2) to suppress the CM signal components.

A number of approaches have been proposed to realize
CMFBs [7—28]. Switched-capacitor circnits were proposed
to build CMFBs [7, 8] with small power consumption.
However, this approach introduces clock-feed through
error and load capacitance. The CMFBs in [9, 10] used
simple resistive divider to sense the voltage between two
differential nodes, thus enabling the CMFBs to have rail-
to-rail operation capability. However, not only do these
resistors require large silicon area, they load down the
output impedances. MOS resistive network with bulk-
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driven CMFB technique was proposed in [11]. The circuit
has quite low output impedance and high common gain,
Methods of employing MOS transistors as CMFBs were
proposed in [12-14]. The CMFBs consist of CM detector
and one stage amplifier. As a result, the CM gains are quite
high and, in addition, the output swing is limited. Two-
stage CM amplifiers were proposed in [15-18] and the
resulting CM gain is low. This structure suffers from lim-
ited output swing. Low CM gains with good output swings
were obtained using the complementary CMFB [19-21].
However, the circuits are complex and require high power
consumption. Positive feedback was used in [22-24] to
increase the differential-mode gain. The circuit demon-
strates high CM gain (A, = —6 dB). Combinations of
CM feedforward and CMFB were proposed in [25-27] to
suppress the CM signal. Nevertheless, by using the same
topology in both CMFF and CMFB, the proposed differ-
ential OTA consumes high power and requires good-
matching MOSFETS to achieve the cancellation of the CM
components, An adaptive bias CMFB to suppress the CM
gain was proposed in [28]. Nonetheless, this technique
demands large CM loop gain and limits the signal swing.

In this paper, a CMOS inverter-based class-AB pseudo-
differential amplifier (PDA) vsing a new CMFB is pro-
posed. The CMFB consists of current mirrors and
transimpedance amplifier (TA). The resulting circuit
demonstrates low CM gain (—15dB} and rail-to-rail
operation. The positive feedback is also employed to
increase the differential-mode gain. The organization of
this paper is as follows: Sect. 2 introduces the proposed
PDA structure and operating principle of the proposed
CMFB. Section 3 discusses the circuit implementation and
transfer characteristics. Section 4 presents the performance
analysis and its application of the proposed PDA as
bandpass filter is demonstrated in Sect. 5. Simulation
results are given in Sect, 6 followed by conclusions in
Sect. 7.

2 The proposed PDA structure
The topology of a PD structure is shown in Fig. 1. Gpgina

and Gpmp are two input transconductors and Z,,, and
Z,.up are the equivalent output impedances of Guina and

Fig. 1 PDA topology
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G uimyp» respectively. Unlike FD structure, PD structure is
based on two transconductors without tail current source,
making the PD structure suitable for low-voltage applica-
tions. However, removing the tail current source results in
large CM gain (Az.)

From Fig. 1, the CM gain (A.,) and the differential-
mode gain {Ag,) are expressed as:

A = m(indA (B)Zoum(ﬂ) (1)
Adm = Gm(m)A(B]Zaum(B) (2)

As shown in Egs. (1) and (2), the CM gain (A.,) is the
same as the differential-mode gain {A,}, resulting in the
unity common-mode rejection ratio (CMRR = Agnd
Aem = 1). Since large value of A, can lead to large CcM
variation at the output [29], CMFB circuit is required.

The conceptual implementation of the proposed PDA is
illustrated in Fig, 2(a). The proposed PDA consists of two
input transconductors (Gagma and Gugme) and a CMFB
network. In our design, the CMFB network comprises a
common-mode amplifier (CMA) and two output trans-
conductors (Guouna aNd Grgouns)- To explain the operation
of the proposed PDA, the operation of the CMA, whose
topology is shown in Fig. 2(b), is first examined. The CMA
consists of two matched resistors (R; = R, = R), two
matched current mirrors {current mirrors A and B), and
TA.

When the output voltages (v,4 and v,p) are CM signals
{v,a = Vop) (sce dotted line), these voltages are converted
into currents through R; and R,. These CM currents with
the same magnitude and phase flow through nodes A and
B, and are mirrored to Out1A and OutlB terminals with the
current gain of §. These currents are incrementally com-
bined at node € and passed to the TA. The amplified output
voltage v ., is then negatively fed back to the output of the
input transconductors (Giugnya and Gamyp) Via the output
transconductors (Gogeuna and Guouwns) 10 SUPPress the CM
voltage. In addition, the CM currents are mirrored to
Out2A and Out2B terminals (with the current gain of o)
and cross-fed back to the output nodes such that the CM
gain is further suppressed.

From Fig. 2, the equivalent CM ouiput impedance
(Zowrernaepy) and CM gain (A} are derived and shown as

Z(Jlﬂ

Z, = 3

om{em)A(D) 1+ (] Fo— ZGm(mu)ﬁZ)Zam/R ( )
Zowr

A = Gr i 4

cm mlin) 1+ (l To— ZGm(ouJ)ﬁz)Zam/R ) {4)

where Znur = Z(mrr)A(.B)’ Gm(r‘n) = Gm(a’n)A(B)s Gm(rmr) =

Gougounapy 2nd Z is the transimpedance gain of the TA.
an(cm)A(B) and Acm dcpend on «, Gm(uur), ﬁ and Z.
Obviously, A, of the proposed PDA can be reduced if the
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Fig. 2 Circuit topology of a the
proposed PDA and b the CMA

Via

VoA VoB

CMA

Gm(in)A

Zoum

Current Mimor A,

Gm(l'u)B

Qut2A _ Out2B

Zom‘B‘

I
i
1
|
|
I
| Vig
}
|
I
i
|
i
d

CMFB
(a)

cha

fTA}
r Bi

Current Mirror B

AW ®

ﬁt_, __lf; QutlB Rs ¢--- I
© -

OutlA

CM loop gain 2GmeunBZ(Zou/R) is large. It is also worth
noting that the proposed topology of CMA allows rail-to-
rail operation at the output nodes Veas since input
impedances of the current mirrors are relatively small,
resulting in small-signal variation at nodes A and B.

Let us consider the output voltages as differential signals
(Voa = —Vop) (see solid signal). These voltages are simi-
larly converted into currents through R, and R,. However,
unlike the previcus case, these cuments have opposite
phase resuiting in no current fAowing into (and out of) node
C and the TA. As a result, the feedback signal vep,, remains
constant. It is noticed that the differential curents are also
mimrored to Out2A and Out2B terminals and then posi-
tively cross-fed back to the output terminals. This positive
feedback mechanism enhances the equivalent differential
output impedance (Zouana) and, thus, the differential
gain (A4, of the system.

Zouriamyasy 3nd Agy are derived and expressed as

. P
our(dm)A(B) — 14 (1 — CC)Zaur/R

Zﬂlh'

Agn = Gutim) | ————=—731"
dnr mlin) [l T (] — a)zom/R
Zoweamacn and Agy depend on a. If « is equal to one,
Zoutamapy and Agy will become very large. This is the
direct result of the positive feedback of the differential

currents as previously mentioned.

)

(6)

QuiZA Oui2B
ir .
et
(b)

The proposed topology of PDA shown in Fig. 2 can
suppress the CM response by the negative feedback
mechanism, while the differential-mode gain is enhanced
via the positive feedback mechanism. It is noted that, since
the voltage signal variations at nodes A and B are small, the
output swing of PDA is therefore only limited by the cutput
swing capability of the input transconductors. Furthermore,
the CMFB topology contains only low impedance node,
thus allowing the PDA to operate at high frequency.

3 Circuit implementation

The circuit implementation of the topology in Fig. 2 1is
illustrated in Fig. 3. Transistors Minap and M,pap form
the input transconductors, while Maonaw.aramy—MaNam 4
PA(D) and Msy.p form the CMFB circuit. M2N(F)A_M4N(P)A
form the current mirror A while Maonpyp—Manimra form the
current mirror B. The current gains ¢ and f are obtained by
properly sizing the aspect ratios of the transistors in both
current mirrors. It is noted that M) pacs and Mina) also
serve as the output transconductor (Gounawy) With the
transconductance equal to the bulk transconductance of
M pacsy This efficient design in which a single transcon-
ductor is employed as both input and output transconduc-
tors simplifies and compacts the circuit. Moreover, the
loading effect and power dissipation are minimized.
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Fig. 3 Circuit implementation Vena
of Fig, 2
Ver
Voo Voo
Mipa Mapn Mopy | Mapa Msp Mpp Mipn
Via Voa R @ © Re @ Vo Via
° OutlA QutlB
M Mang Mana| Mawa MsE Maws Minp
Transistors Msyp and resistor Rp form the TA, The A= 4 R

transimpedance gain (Z) of the circuit is set by the resistor an = (g + gmip) 1—a+R(row || roie || roa Il rose)™
Rp. The TA helps to increase the gain of the CMA. and (14)

simultaneously reduce the impedances at nodes C and D
such that the time constants associated with these nodes are
low. The body bias voltage Vpp is set to reduce the
threshold voltages of PMOS transistors, allowing the cir-
cuit to operate at low supply voltages.

By comparing Figs. 2 and 3, the input transconductance
(Guginy)» Output transconductance (Guonny)> €quivalent
output impedances at node v,y (Zou), and transimped-
ance gain (Z) can be expressed as

Gon(in) = EmN T Em1P (7)
Ginlour) = EmbiP (8)
Zow =row || rorp || roan || rosr (9)
Z =R, (10)

where gmi» 8mpi and rp; are the transconductance, bulk
transconductance and drain-to-source resistance of the’
transistor M;acm, respectively.

By substituting Egs. (7)-(10) in Egs. (3-(6), Zouriemy
Zouttdmys Aery and Ay, can be expressed as

From Egs. (13) and (14), the CMRR can be derived as

CMRR = Adn

chl

(14 o~ 2gm1pBRE) (o || rorp il roaw |l roap} +R
(1—a)(row || roir [l roaw || rear) + R ’

(15)

It is noticed that CMRR can be increased if Rp is large.
In addition, « and § also play a role in determining the
CMRR.

It is noted that the choice of & requires precaution. A
large value of & can result in a large differential gain;
however, such a large value of o can drive the circuit
unstable. In practice, o should be set slightly larger than
one to compensate for the loss, due to the imperfection of
the current mirror not being able to perfectly mirror the
current from the input to the output. In this work, « is set to
1.3 to enjoy both differential gain and stability. The value
of § plays a role in the determination of the CM gain asit is

R
Zowriem) = — (11)
oo T f o — 22mp1pBRE + R{row || roip || roan || rose) :
R
Zout(dm) = - (12)
) =) s+ R(row || rore || roun || rop) ™"
R
Agy = (gmlN + gmlP) (13)

1+ & — 2gup1rBRF + R(row || rorp |} roav |l roar)”"
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part of the CMFB circuit. From Eq. (4), large value of f8
results in low CM gain. Nevertheless, large 8 requires large
transistors; thus large standby current and parasitic capac-
itors, which can degrade the frequency performance of the
system. In this work, f is set to 5.

The output CM voltage (Vourem) is equal to the voltages
at nodes A and B, which is given by [30]

Vop — Vanaaey + Vrezas
Vau.r(cm) = ©) () + VTNZA(B): (16)
1+ ﬁNZA(B) / Braas)
where  Brvoam@ = tCox(W/h2a@y and  Praam = tp
Cox(W/L)24(8)

For maximum output swing, Syacs) and Semaem) should
be such that Ve is equal to Vpp/2.

4 Performance analysis

4.1 Loop gain and frequency response of the proposed
CMFB

The frequency compensation of the CM loop is accom-
plished by adding a resistor Re and capacitor C¢ in series
between nodes C and D (not shown in Fig. 3). The small-
signal equivalent circuit with R and Cc can be shown in
Fig. 4, where rocpy and Cogpy are the total parasitic
resistance and capacitance at node C(D), ro{= row ||
rowp || roan || rosp) and Cor(= Cpawi + Cpam + Cpane +
Cpgps) are the equivalent resistance and capacitance at the
output of the PDA, respectively.

By using typical circuit analysis, the open-loop gain of
the proposed CMFB is

o Acurs(0)(1+35)
cMrD SF(H;S;)(H&,;)(”&)(”O)LN)’
(17)

where Acura(0) is the small-signal DC gain of the CMFB
loop expressed as

Fig. 4 Simplified small-signal
CMFB loop

© L

2B88upiproL RF

R (18)

From Eq. (17), there are one dominant LHP pole, three
non-dominant LHP poles and one LHP zero, each of which
is determined by:

1

Acyra(0) = —

on ® — g ~(LHP ZERO) (19)
op N = Ci: BT (LHP POLE) (20)
wpy ~ — "ﬂéi"é;fagfi J;f)c) (LHP POLE) (21)
wp3 N — (‘cf’fc_,ﬁ (LHP POLE) (22)
wps & — CocCop + Cel(Coc + Cap) (LHPPOLE).  (23)

CocConCcRec

From Egs. (18) and (20), the gain bandwidth product
(GBW) of the CMFB loop is

GBW = Acurs(0) - wp
_ 2Bgmn1protRE 1

24
R ror.Cot + Ce(Re + RF) ( )

The first non-dominant pole is wp. Since we3 and wps
are far away from the unity-gain frequency, the overall
phase margin can be determined as

PM = 180° — tan™! (GBW> —~tan~! (EB—“—’>
wp] wpe2

+ tan™! (GBW)
wzi

(25)

According to Eq. (25) and Fig. 4, gz, is the left half-plane
zero and of lower frequency than wps and @p4. This zero
will add positive phase margin to the frequency response of
the CMFB, simplifying the design of stable amplifier for
unity gain in differential mode.

4.2 Noise analysis

The input-referred noise voltage of MOSFET is dominated
by flicker noise at low frequency and by thermal noise at

Re Cc
— W
—A\A—¢ ®

VoA(B)

o Rr

Ve Vo ToL

jc2

FsC |C0c 8ms¥c YoD IC(,D Sub1VD
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high frequency. The input-referred noise spectral density of
the PDA can be calculated and shown as

VimViapt Ve (26)

where Yy (1/0) is the input-referred fiicker noise determined
by

2 [ Ky Kp )
v = — (__.__ 41, 27
im0 = Coxf \(WL)w  (WLhip @

and Vg is the input-referred thermal noise determined by

— kaT 2 i
Vz - ——— el V.1 ; , . +—l,
it ’ (gmlh‘ + “_‘.'Jul.")1 [3 (8 o Emie i * 8:14P) R:\

(28)

where parameters Ky and Kp are the flicker noise process-
dependent constants of NMOS and PMOS, respectively. kpis
the Boltzmann constant, Tis the absolute temperature, fisthe
frequency, and other parameters have their usual meanings.

From Egs. (27) and (28), the input-referred noise can be
lowered by increasing (gmin + &m1P) andfor sizes of
Mina and Mipacay- Obviously, the amplifier suffers from
a fundamental tradeoff between its noise performance and
frequency response.

4.3 Geometric and parametric mismatches

Gince resistor and transistor mismatches are practically
unavoidable, the circuit performance accounting for mis-
matches is therefore of concern. It is found that system
performance is unaffected by transistor mismatches in the
current mirrors A and B as long as the impedances at nodes
A and B are much smaller than those of Ry and Ra. Since
the impedances at nodes A and B are designed to be small,
the aforementioned condition can be readily met.

In case of the mismatch betweerl R, and Rz, this could
result in an undesired output voltage. To clarify this point,
it is assumed that Ry = R + ARand Ry = R — AR and the
results reveal that this mismatch can cause the CM output
impedances at nodes v,a and vop (i.€. Zowrtemya  and
Zouennn) 0 be different.

The straightforward small-signal
Zoputtenis And Zousenns 3I€ determined by

1
Zout(emyt = "—T—'—_'_—_—_'—___—T
" lﬂﬁ%}gﬂ —3”—,§’L—’££—F+ (row || rore || rosn Il roap) !

(29)

analysis shows

1
Zom(cl 1)8 = ,_T.__——————_'__'__'___—“— -
)0 = T fagel e espelle 3 (row || rore [ roav || rosp)”"

(30)

Since v,4 and Vop are respectively G iy Zeonutienia Vi and
G niinyZonttemn Vie, ONE €20 show that

@ Springer

Voa — Yol = (gmlN +gmlP)AR——-——'——'__'_'—_V',_-.
° (l + & - 2gnlblPﬁRF)2 !
31)

This differential output voltage behaves
indistinguishably from the differential output signal and
could propagate to the subsequent stage. From Eq. (31}, the
undesired output voltage can be reduced by increasing
g1 PBRF.

In addition to the resistor mismateh, the ratio mis-
matches in o and f, as a result of mismatches in Maay
Maamy and Moy Map), can cause differential output
voltage. If these ratio mismatches are assumed to be
o & Az and f§ £ A, the undesired output voltages can be
readily derived as

R
Voa — Vot = (gmlN + gml.P)Aa'—_'—'_'—V' (32)
28 (SmblPRF)z “
R
Vor — Vop = (gmn t SmsP)Aﬁm Vic- (33)

Similarly, these output voltages can be suppressed if
g1 PR is arge.

4.4 Minimum supply voltage and output swing

Based on the proposed circuit topology, the minimum
supply voltage is determined by

(34)

where Vrman and Vpsaranee) a1 the threshold voliage
and saturation voltage of Manacs) and Mapacsy respectively.
Obviously, the minimum supply voliage depends heavily
upon the threshold voltage. Therefore, process with low
threshold voltage can lead to the CMFB, which can operate
at lower supply voltage.

As previously mentioned, the impedances of the input
current mirrors at nodes A and B are very small, thus causing
both nodes operating as virtual ground. As a result, the output
swing of the PDA is limited by the output swing of the input
transconductor (Gnn) (see Fig. 3) and is determined by

(35)

Vpp(min) = VrHan + VosaT2w + Vywap + Vosarzes

VpsaTiMum) < VOUT(swing) < Vpp — VosaT(Mipam):

5 R,,—C bandpass filter application

To demonstrate the performance of the proposed circuit, 2
transimpedance—Capacitor (R,~C) bandpass filter based on
single PDA as illustrated in Fig. 5(a) [31]is employed. The
capacitor Cpr 18 connected in series with the transimped-
ance amplifier (R formed by the proposed PDA and
feedback resistor Rgr. Since the input impedance of the TA
is very low, nodes E and E' can be considered as a¢ ground.
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Hence, differentiator can be obtained by cascading Car
before the TA and the low-frequency transfer function is
equal to sCgrRpr-

The small-signal equivalent circuit of Fig. 5(a) is
depicted in Fig. 5(b), where g is the transconductance and
Cy, Cy and Czare the parasitic capacitances determined by

gn = &N + EmlP (36)
Cx = Cgsin + Cosip + Copv + Conip (37)
Cy = Capv + Copip (38)
Cz=Co+CuL (39)

The transfer function of the bandpass filter can be
expressed as

SCBFD

Vo
H=—2——o T ~ 4
) vi Ast+Bs+C (40)
where
A (Car +Cx)(Cr + Cz) + CyCz (41)
B gmCyroRor + (Cor + Cx + Cr)Rpr + (Cy + Cz)raL
rDLRBF
(42)
&mlot + 1
CrZ—s— 43
rotRpF (43)
Rer
— M

C I G
8F T
Vi o———Hﬁ @ + - 0 Vo)

V2 —0 Va2
—
Cpr —LCL
L ow— L
RBF -
(a)
Rpr
— AN
Cpr L
| | - .
oI Tv, U J_ﬂ
i x Cy o
Cx"‘L "
BV ro. | Cz
R WCE G 3

()
Tig. 5 a Basic structure of R,—C bandpass filler and b simplified
small-signal equivalent circuit

1- mR
D~ L= BmBF (44)
Rar
The centre frequency @, and the quality factor 0 of the

filter can be expressed as

© _\[g_ guxral..+1
¢ A rouRorl(Car + CO){Cr + Cz) + CyCz]

(45)

[(CBF +Cx) (Cy + Cz) + CYCZ](SmraL +1)
ngYraLRBF + (CBF -+ CX + CY)RBF + (CY + CZ)rGL.

(46)

6 Simulation results

To prove the performance and robustness of the proposed
PDA, the circuit has been designed and simulated in a
standard 0.18 pm CMOS technology using the Cadence
Spectre. The threshold voltages are 0.45 and —0.5V for
NMOS and PMOS, respectively. The supply voltage is1V
and the input and output CM voltages are biased at Vop/2,
ie., 0.5V. The body bias voltage Vpp is set to 0.5 Vto
reduce the threshold voltage of PMOS transistors. The total
current drawn from the supply is 102.5 pA. The bias cur-
rents of all transistors are chosen to optimize both gain and
power dissipation. Resistors Ry and the impedance at
nodes A and B are 50 and 7 KO, respectively. The
dimensions of transistors are listed in Table 1.

6.1 CMFB performance

Figure 6 shows the DC transfer characteristic of the proposed
PDA with and without CMFB. The output swing of the PDA
demonsirates rail-to-rail operation, while Fig. 7 shows the
transient response of the output voltages, when 2 CM sinu-
soidal signal with a peak-to-peak value of 10 mVp, (10 kKH2)
is applied to the inputs. Tn case of no CMFB circuit, the CM
signal is amplified to 0.6 Ve However, the CM signal
decreases to 0.4 mVpp, when the CMFB is employed; this
leads to a CM attenuation of —15 dB and a CMRR of 53 dB.
Figure 8 shows the open-loop frequency response of the
CMFB circuit with stability compensation. The DC open-loop
gain is found to be 40 dB, while the unity-gain frequency is
70 MHz. The circuit is stable and the phase margin is 50°.

6.2 Frequency response

Figure 9 shows the frequency response of the PDA when
the differential-mode signal is applied to the inputs. The
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Table 1 Dimensions of transistors

Transistors W (pm)} L {(pm)
Mna) 5.2 0.5
Mypa 11 0.5
Manacm 0.8 0.24
Mapaim 2.6 0.24
Manac) 4.2 0.24
Mapamy 13 0.24
Manacs i1 0.24
Mpacmy 3.5 0.24
Msyac 2.5 0.24
Mspaum 73 0.24
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Fig. 7 OQutput voltages with and without CMFB

DC gain is 38 dB, while the —3 dB and unity-gain fre-
respectively. The
10 illustrates the frequency
response of the PDA when the CM input is applied. The

quency are 13.7 MHz and 1.42 GHz,
phase margin is 86°. Figure

&) Springer

300

60 : : 200
———————————————— =~

— L 150
£ 40 - —
= Lo 8
2
8 _ L, P
= 204 N =
U ; i=
£ ; o B
= ; o

L -100
= a0 e £

i i : -150

. oo
40 4 T 3 5 . ; ; ; cwd- 200
I 10 100 1K (0K 100K 1M 10M  100M 1G
Frequency (Hz)
Fig. & Open-loop frequency response of the CMFB circuit
" 200

Differential Mode Gain (dB)
Phase Margin (degree)

TV S i Aizo
1 10 160 1K (0K 100K 1M 10M 100M 1G
Frequency (Hz)

-20

Fig. 9 Differential-mode gain and phase

CM gain is relatively much smaller (—15 dB), while the
bandwidth is almost the same as that of the differential-
mode case.

6.3 Noise

The input referred noise spectral density is shown in
Fig. 11. The input referred noise is Jess than 1 pV//Hz at
10 MHz.

6.4 Effect of process and temperatiure variations
on the CM performance

Monte Carlo simulations have been performed so as 10
check how the process variation and device mismatch
affect the CMRR. A 1,000-iteration Monte Carlo analysis is
carried out using statistical models provided by the foun-
dry. Figure 12 shows the Monte Cario statistical results of
the CMRR in the presence of the process variation. The
mean value of CMRR is 51.8 dB, while the standard
deviation is 4.25. The minimum and maximum CMRRs are
48 and 58 dB, respectively. The maximum number of
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occurrences is at 52.45 dB. Monte Carlo simulation of the
CMRR with device mismatches is shown in Fig. 13. The
mean value is 49.3 dB, while the standard deviation is
8.87. The Monte Carlo statistical results give the minimum
and maximum CMRRs of 35 and 69 dB, respectively. The
maximum number of occurrences is at 40.3 dB. From
Figs. 12 and 13, it is apparent that the device mismatch
plays a greater important role than the process variation.
Obvicusly, the use of layout technigues to improve
matching becomes mandatory.

Impact of temperature variation on the DC CM voltage
is also studied and shown in Fig. 14. The DC CM voltage
shows small variation (6 %) when temperature is varied
from Q to 70 °C.

Table 2 shows the performance comparison with
recently published transconductors. It is noted that the
proposed transconductor operates with rail-to-rail cutput
swing and at low supply voltage. The circuit proposed in
[24] is developed based on CMOS inverter-based amplifier,
Since the circuit has no internal node, the circuit can

CMRR (dB)

Fig. 13 Monte Carlo simulation results for CMRR with mismatch
(1,000 runs)

operate at high frequencies. The transconductor proposed
in [5] is also based on CMOS inverter, The double CMOS
pair is biased in the subthreshold region resulting in low-
power consumption. Both circuits demonstrate low CMRR
mainly due to their low loop gains.

Loop gain is increased in [18] by using two-stage volt-
age mode amplifier in the CMFB and additional adaptive
biasing circuitry. Consequently, high CMRR is achieved.
Note that the bandwidth of the circuit is lower than the
other implementations because two-stage voltage mode
amplifier contains low-frequency poles. This work is based
on the CMOS inverter-based PDA and novel current mode
CMFB, allowing the circuit to operate at higher frequen-
cies, yet maintain relatively large CMRR. Table 2 also
shows the results obtained from theoretical eguations and
they are in good agreement with those obtained from the
simulations.
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6.5 Application

Figure 15 shows the frequency response of the
R,—C bandpass filter (Cpr = 0.25 pF, Cp = 0.5 pF and
Rpr = 50 k). The centre frequency f, and quality factor
Q are 31.62 MHz and 1.66, respectively. Figure 16 shows
the variation of the center frequency for various values of
Rpr and CL (RBF = 30-120 kQ, CL = 0.5 pF and
Cr, = 0.3-2.1 pF, Rpr = 50 kQ). The power dissipation of
the proposed PDA and its application are 102.5 uW.

7 Conclusions
In this paper, a CMOS inverter-based class-AB PDA is

proposed. The circuit is designed based on a CMOS
inverter and low-voltage wide-swing CMFB circuit. The
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IG .5 h o
|

»
[
(=]
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Fig. 15 Frequency responses of the simple R,,—C bandpass filter

proposed PDA demonstrates rail-to-rail operation. The
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Fig. 14 DC CM voltage variation with temperature Fig. 16 Center frequency as a function of Rpr and Cj,
Table 2 Performance evaluation
Parameters 51 [18] [24] This work This work
(simulation) (calculation)
Technology {um) 0.35 0.18 0.35 0.18 0.18
Supply voltage (V) 33 +0.9 2.5 1 1
DC gain (dB) 29.3 42 31.3 38 399
Phase margin (°) 82.8 90 77 86 S0
UGBW 28.97 MHz 3.2 MHz 3.56 GHz 142 GHz 1.39 GHz
CMRR (dB) 35.19 169 31 53 57.36
Maximum output 0.88 - 2.27 0.72 0.8
swing (V)
Linearity THD = —40 dB HD3 = —65 dB THD = —46 dB THD = —40 dB -
@03V, @0.6 V, @1V, @0.5 Vi,
Transconductance 49,6 n§-12.5 pS 76 pS 108.4 pS 305 uS 300 uS
Input referred noise 113 nVA/He - 85 nV//Hz | pvi/Hz -
Power dissipation 44,53 250 800 102.5 98

(LW)
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simulation results show that the circuit can operate under
the supply voltage of 1 V with the differential and CM gains
of 38 and ~15 dB, respectively. The unity-gain frequency is
1.42 GHz and the power dissipation is 102.5 pW.
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