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ABSTRACT

The desire for portability of electronics equipment generated a need for low votage/ low
power system in battery products like hearing aids, implantable cardiac pacemakers, cell
phones and hand held multimedia terminals.

The dissertation discusses the basic cell known as “Flipped voltage follower” for low
voltage/low power operation and includes the benefits of flipped voltage follower over
conventional voltage follower. In this work, a new low-voltage current mirror (LVCM) is
proposed. The circuit has low power supply requirement of 1.2V, wide input current range of
0-100uA, low DC error of 5.7%, low DC power dissipation of 111.20uW and low input
impedance of 14.1 KQ. Flipped voltage follower based low-voltage current mirror |
(FVFLVCM 1) has also been proposed to reduce voltage supply requirement of the current
mirror. The proposed FVFLVCM | has wide input current range of 0-50uA, low DC error of
2.26%, low DC power dissipation of 36.74uW, low input impedance of 1.84 KQ and low
voltage supply requirement of 1V. In addition, the flipped voltage follower based low-voltage
current mirror Il (FVFLVCM I1) has been proposed in order to improve input current range,
DC error and bandwidth. The FVFLVCM I has low power supply requirement of 1.2V, wide
input current range of 0-150uA, low DC error of 3.7%, low DC power dissipation of
99.40uW, high bandwidth of 629MHz and low input impedance of 30.08 KQ. The stability
of the proposed circuits has been performed by time-domain approach and frequency domain
approach using Routh-Hurwitz stability criteria and phase margin calculations, respectively.
The bandwidth of all the proposed current mirrors has also been enhanced using resistive and
active compensation techniques. The applications such as LDPC decoder, adder and
subtractor are also designed. The results have been simulated using SPICE in the TSMC 0.18
pm CMOS technology and are presented to validate the effectiveness of the proposed current

mirrors.
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CHAPTER
1 INTRODUCTION

Due to downscaling of CMOS analog circuits are operating with continuously decreasing
supply voltages. This process is done in order to reduce power consumption of the digital
circuits in mixed-mode very large-scale integration (VLSI) systems and to prevent
breakdown of oxide with decrease in gate-oxide thickness. Low supply voltages requirements
and low power consumption are the main need of the portable electronic market. There are
several techniques to reduce supply voltage requirements in analog and mixed-signals
circuits, some of them are folding, current-mode processing and subthreshold operation of

MOS transistors, floating-gate techniques, and triode-mode [1]-[5].

In this chapter, a voltage follower with low voltage supply requirement and high slew rate
known as “Flipped voltage follower cell” is discussed along with basic low- voltage current
mirror. The motivations of the dissertation are also presented, followed by key contribution
which describes the main objective, achieved in the dissertation. Lastly, the chapter wise flow

of the dissertation is discussed.

1.1 Flipped voltage follower

A basic cell for low-power and/or low voltage operation is discussed. It is shown how
different topologies of flipped voltage follower (FVF) can be used for many applications. The
basic topologies derived from the FVF are also discussed. A design showing the application
of the FVF to build systems based on translinear loops is described which shows the



flexibility of this cell to design the high-performance low-power/low-voltage analog and

mixed-signal circuits.

The common drain amplifier is shown in Figure 1.1, known as a voltage buffer. If body effect

is ignored the circuit follows the input voltage with a dc level shift, i.e., V, =V, +V, where

V. is the source-to-gate voltage of transistor. Considering large-signal behaviour, this circuit

can source a large current from the load, but its sinking capability is restricted by the biasing
current source. Dependency of the circuit on the output current is considered as a drawback
of this circuit; hence, for resistive loads and capacitive loads at high frequencies, the unity
voltage gain can’t be achieved. The circuit shown in Figure 1.2 also works as a source
follower, having the current through transistor constant, independent on the output current. It
could be explained as a voltage follower with shunt feedback. Ignoring the short-channel
effect and body effect, voltage gain can be achieved unity. The circuit in Figure 2 (unlike the
conventional voltage follower) is able to sink a large amount of current, but its source
capability is limited by the biasing current source. The large sinking capability is because of
the low output impedance.

‘ Voo
‘ Vo ‘
i L,
V.
v "
]
V.
Voul !
.‘.,"_"\_‘ X \ OV out
S ‘
S MZ
Figure 1.1 Conventional voltage follower [6] Figure 1.2 Flipped voltage follower [6]

1.1.1 Input voltage:

The FVF can be used with very low voltage supply requirement. The FVF can also be
operated with a large supply voltage requirement, but biasing the transistor M1 in saturation

can be difficult if the input voltage is taken to be low. If the circuit in Figure 1.2 is

2



considered, the relation can be obtained as: Vg, =Vpswo +Vosui - CONsidering the transistor

M1 is in saturation and ignoring second-order effects, the saturation condition for transistor
M2 is given by [6]

2lo 2lo
VDSM2 :VDD - Vi +thM1 +\/ \/ (1)

<ol ), ) ol

where, lo is the drain current (b in this case) and V,, is the transistor threshold voltage.

In the same way, assuming that transistor M2 is biased in saturation, the condition of

saturation for transistor M1 is evaluated by as:

21o
VGSMl _VDSMl :VDD - thM2 + _Vi <th|v|1 (2)
VK]

The valid region of operation for the input signal is limited by:

(

2lo 1 1 2lo 1
Vs + + <Vpo =Vi <Viu: Vo +.—— (3)
tnM1 \/Kn L\/QNA)W \/QNA)MZ DD M1 T YinM2 Kn WL )MZ

1.1.2 Output impedance:

It can be noted that M2 provides shunt feedback and that M1 and M2 form a two pole
negative feedback loop. Figure 1.2 shows the same circuit with the feedback loop open at the

gate of M2 and including a test voltage source V; . This circuit has an open-loop gain Ao.=
—0,.,RoLy (Where the open-loop resistance at node is given by Y, Ryy = || 9,4Fils, ), @
dominant pole at node Y, Rory @,, =1/C,R,, and a high-frequency pole at node X,
o, =1/Cy Ry, (where the open-loop resistance at node X is given by
Rox =@+, /r )/ 9., r,and C, and C, are the parasitic capacitances at nodes X and Y

respectively (C, also includes the load capacitor, if any). The closed-loop resistance at node

X'is given by [6]:



1(1 + rbj ”r o
ROLX gml rOl (4)

Reux = ~

I+ Ay | ng(rb I gm1r01r02)

1.2 Low- voltage current mirror

A current mirror is a building block which is commonly used in analog and mixed mode
VLSI circuits. A high input voltages are required by almost all high impedance CMs reported
so far [7-8], which increase the capability of high output voltage signal swing. The
performance of the current mirror can be determined by the accuracy and output impedance.
A current mirror can be described as a current controlled current source which can be used to
attenuate and amplify the reference current. The current mirrors source/sink must be designed
to have infinite output impedance and capable to generate and draw a constant current over a
wide range of voltages [9]. However, keeping value of output resistance finite and limiting
output voltage in order to keep device in saturation will ultimately result in lowering of
performance of the current mirrors. It is a two terminal device in which output current at any
instant is known to be independent of voltage applied across its output terminals and depends
on the input current/reference current [10]. It allows replication of the current, which has no
sensitivity to variations in power supply and temperature [11].

Additional
Circuitry

Figure 1.3 Basic block diagram of current mirror



1.3 Motivation

The low voltage circuits are commonly used in portable and mobile equipment. The
applications of low voltage low power circuits in non-portable equipment are advancing
because of reduction in the equipment weight and power consumption. The design of low
voltage circuit structures is also carried out through current mirrors as basic element [12] and
many low voltage current mirror structures have been developed [13-15]. Current mirrors are
employed in many applications such as operational amplifiers, analog to digital (ADC)

converters, digital to analog converters, multipliers, differential amplifiers [16], etc.

Voltage follower is one of the most widely used building blocks in analog and mixed-signal
circuits [17]. As the modern deep submicron CMOS technologies have decreased, the
requirement to design low power high speed MOS voltage buffers has increased rapidly. A
voltage buffer having high slew-rate and low static power consumption is introduced known
as flipped voltage follower (FVF) [6]. A FVF cell operates at low supply voltage requirement
and has almost unity gain (the short-channel effects is ignored), which is performance wise
found to be better than that of conventional voltage followers. The FVF cell has been used in
current sensors [17], OTAs [18], instrumentation amplifiers [19], current mirrors [20, 21],

arithmetic circuits [22] and many more low-voltage and/or low-power applications [17-22].

1.4 Key contribution

The work in this dissertation can be summarized as follows:

1. Design and simulate the proposed low-voltage current mirrors.

2. Design and simulate the low-voltage current mirrors using various compensations
techniques in order to enhance the bandwidth.

3. Stability analysis and verification of proposed low-voltage current mirror.

4. Design and simulate the applications of proposed low-voltage current mirrors.

In this dissertation, low-voltage current mirrors namely low-voltage current mirror (LVCM),
flipped voltage follower based low-voltage current mirror I (FVFLVCM 1) and flipped
voltage follower based low-voltage current mirror Il (FVFLVCM II) are proposed. Various

compensation techniques such as Resistive compensation and active compensation

5



techniques have been implemented in order to improve bandwidth of proposed circuits.
Stability analysis is carried out by considering time domain and frequency domain
approaches. The proposed circuits can be used in the various applications such as LDPC
decoder, adder circuit, subtrator circuits etc. The results have been simulated using SPICE in
the TSMC 0.18 um CMOS technology and are presented to validate the effectiveness of the

proposed current mirrors.

1.5 Organisation of the dissertation

The chapters in the dissertation are organised as follows:

Chapter 1 contains basic introduction of flipped voltage follower cell and low voltage
current mirror. It also includes the key contribution, motivation and the organisation of the
dissertation.

Chapter 2 contains the literature review, which includes all the study related to low voltage
current mirror and all the applications of flipped voltage follower till date.

Chapter 3 proposes three current mirror namely LVCM, FVFLVCM |, FVFLVCM IlI. It
performs the DC and the DC analysis of all the proposed circuits and discusses the location of
dominate pole.

Chapter 4 discusses the stability analysis of all the three proposed current mirrors by time
domain and frequency domain approaches.

Chapter 5 is basically for showing the applicability of all the proposed current mirrors. It
includes three applications and the comparison of LDPC is discussed with conventional
current mirror.

Chapter 6 shows the simulation results for all the proposed current mirrors. It categories into
simulations for DC characteristics, AC characteristics, stability through phase margin,
applications and at last the comparison is done with the current mirrors reported in literature
till date.

Chapter 7 discusses the conclusion of the dissertation and also emphases on the future scope
of the work done in dissertation.



CHAPTER
LITERATURE REVIEW

2

In literature, researchers have suggested several basic topologies and applications of flipped
voltage follower (FVF). A succinct review based on the study of these papers is as follows:

2.1 Flipped voltage follower with level shifter (LSFVF):

LSFVF is a Level shifted version of the FVF [23]. LSFVF uses a voltage follower (common
drain configuration) between feedback path of flipped voltage follower as a DC level shifter

and increases the input/output swing, which is independent of power supply.

Advantages:
e LSFVF structure was introduced to increase the input/output swing of the FVF.
e LSFVF structure causes output impedance to get reduced as compared to

conventional voltage follower.

2.2 Folded Flipped Voltage Follower (FFVF) :

The current sensing transistor is folded (from NMOS to PMOS) by introducing an additional
biasing source [23]. Stability requires to limit Gain-Bandwidth to a value of at most one half
of the effective high frequency pole of the negative feedback loop present in all FVF
structures. For the FVF and the FFVF the effective high frequency pole is given by ratio of

transconductance of transistor (input transistor) and load capacitance. In all FVF circuits



small compensation capacitors (Cc) can be used to limit the Gain-Bandwidth product to a

value of less than one half of the effective high frequency pole of the FVF.

Advantages:

e The folded flipped voltage follower (FFVF) or “super source follower” is also an
increased input/output swing modification of the FVF.

e The gain-bandwidth product is high and is given by ratio of transconductance of
transistor (in a feedback loop) and coupling capacitance, much higher than suggested
in LSFVF.

e FFVF structure causes output impedance to get reduced as compared to conventional

voltage follower.

2.3 Cascoded Flipped Voltage Follower (CASFVF):

In CASFVF structure a PMOS cascoding transistor is introduced between the feedback path.
The quiescent voltage at the output node is set close to Voo by the cascoded voltage of

current sensing transistor in FVF [23].

Advantages:

e CASFVF is designed to increase input/output swing of the FVF.
e Transistor in a loop provides additional gain to the negative feedback loop and leads

to an extremely low output resistance (tenths of Q).

2.4 FVF current sensors (FVFCS) :

The FVF cell can also considered to as a current sensing cell known as FVF current sensors
(FVFCS). FVFCS assumes that all transistors are properly biased to work in the saturation
region [24]. Due to the shunt feedback provided by current sensing transistor, the impedance
at output node is very low and the amount of current that flows through output node does not

modify the value of its voltage.



Advantages:

The FVFCS can be operated with very low voltage supply. The minimum supply
voltage is the addition of absolute value of threshold voltage and twice of drain to
source voltage in saturation and has very low output impedance.

FVFCS is operated with low input voltage (order of drain to source voltage in
saturation).

The current can be easily removed from the output node by using current mirroring

techniques, if it is needed for a specific application.

2.5 FVF differential structure (DFVF)

The differential structure based on the FVF cell is built by adding an extra transistor

connected to output node [20,24]. As indicated in the FVFCS section, the impedance at

output node is very low and its voltage remains approximately constant for large currents

through additional transistor. Consider quiescent conditions when common mode is applied,

and assuming the same transistor sizes, current through both differential pair transistor will be

same. Differential voltage generates current variations in additional transistor that follow the
MOS square law [25].

Advantages:

The maximum output current can be much larger than the quiescent current Ib.

The output is available as both, a current (the current through transistor replicated by
means of a current mirror) and a voltage. This feature can be advantageously
employed to simplify the circuit implementations reducing both noise and number of
poles and zeroes.

DFVF can also be operated with very low supply voltage.

With a supply of Voowmin, there would be no room for variation of the differential input

signals.

2.6 Low voltage high precision current mirror:



Current mirror was improved to allow very low input impedance and very high output
impedance under low voltage operation [6,26]. The differential amplifier can be easily
realized in a low-voltage environment, as its inputs are very close to ground potential. This
topology combines a shunt input feedback, a regulated cascade output and a differential

amplifier to achieve low input resistance, high accuracy and high output resistance.

Advantages:

e The input voltage required for such current mirror is in the (order of drain to source
voltage in saturation), which can be as small as 0.1 V, which is much smaller than the
drop required for the conventional low-voltage current mirror.

e Low voltage high precision current mirror allows very low input impedance and very
high output impedance.

e The minimum voltage supply is given by the addition of absolute value of threshold

voltage and twice of drain to source voltage in saturation.

2.7 Implementation of current conveyor generation 11 (CCII) using FVF:

Implementation of current conveyor generation Il (CCII) includes simple dc level shifter
formed by the diode-connected transistor biased by two identical current sources [27]. The
circuit becomes very simple, having only two internal nodes (excluding biasing current

mirrors).

Advantages:
e The input impedance of terminal is finite and output impedance is very low.
e The small-signal gain is nearly 1.

e Resistor R in the FVF cell has been introduced to improve the signal bandwidth.

2.8 Improved current conveyor generation 11 (CCII) [27]:

Advantages:
e The difference between input and output FVF dc levels is solved by driving the FVF

with an amplifier.
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e The diode-connected dc level shifter is avoided, leading to very high input impedance
at the node.

e The amplifier feedback further reduces the output impedance and also makes the
voltage gain come closer to the ideal (unity) value.

e Biasing of the cell also becomes simpler due to the avoidance of the dc level shifter.

2.9 Conventional Cascode Current Mirror:

The flipped voltage follower (FVF) cell has been employed for realizing low voltage current
mirrors [12,24]. The minimum supply voltage requirement for the correct operation of the
current mirror is equal to addition of threshold voltage and drain to source voltage on the
edge of saturation. One of the most widely used current mirror topologies in low-voltage

signal processing is the conventional cascade current mirror [28,29].

Advantages:
e The important factors that establish the capability of the current mirror to operate in a
low voltage environment are the minimum input and output voltages.
e Conventional Cascade Current Mirror requires minimum supply voltage, low input

resistance and high Output impedance.

2.10 Low-dropout regulator (LDO) using a flipped voltage follower:

Low-dropout regulator (LDO) topology intends to provide a detailed study on the stability of
an LDO based on the FVF for different capacitors, equivalent series resistances (ESRs) and
load conditions [30]. The regulators with a relatively big output capacitor, typically located
off-chip as a discrete component and it helps to achieve the dominant pole at low frequencies,
well separated from the remaining non-dominant poles, which guaranties stable operation
[31].

The other solution of LDO regulators is based on very small on-chip capacitance connected
to its output, mainly resulting from parasitic capacitance of an on-chip supply network. The

small output capacitance makes the design of such on-chip regulators extremely difficult,

11



because in this case the dominant pole has to be realised inside a negative regulation loop.
Several solutions were proposed to overcome the outlined difficulties. The single-transistor-
control configuration using flipped voltage follower (FVF) is utilised to form a regulator able

to operate stable with no output capacitance.

Advantages:

e FVF is used in LDO topology to reduce output impedance due to shunt feedback
connection, which is the key for obtaining good regulation.
e Accuracy, power efficiency, response time, silicon area, and off-chip component free

feature, all requirements are fulfilled.

2.11 Low-voltage, high-speed CMOS analog latched voltage comparator using the

““flipped voltage follower’’ as input stage:

The voltage comparator is an important building block in ADC design. The performance and
accuracy of an ADC are strongly determined by the comparator’s ability to resolve the
smallest voltage difference at its inputs [32]. However, designing circuit for low-voltage
operation can reduce its input dynamic range and the complementary differential techniques
that are often used to enable rail-to-rail operation would increase power consumption.

In order to overcome limitations, a new approach to dynamic latch comparator design
that replaces the input stage with a “‘flipped voltage follower’” (FVF) cell was suggested. The
circuit consists of a differential input stage with a common-mode signal detector, followed by
a regenerative latch and a Set-Reset (S-R) latch.

Advantages:
e FVF cell offers the capacity for large voltage swing.
e FVF cell includes a voltage follower, its low output impedance allows it to source
relatively large currents.
e The new input stage improves performance in terms of slew rate and resolution. The
higher slew rate is achieved due to FVF’s dynamic bias current setting, and the higher
resolution is attainable due to its larger voltage swing, resulting in a higher signal-

over-noise ratio.
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2.12 Internally compensated LDO regulator based on the cascoded FVF

A LDO is a linear voltage regulator that operates with a high efficiency with a small input—
output voltage difference. An internal compensation of LDO is usually preferred, as it does
not require external capacitors, reducing size and cost. The Flipped Voltage Follower, (FVF)
was identified as the core cell for LDO design. The good performances of this cell as a
current buffer and its low output impedance make it a highly efficient LDO regulator
according to load regulation [33]. However, its response due to input voltage variations is
limited by the biasing currents, which are responsible for the charge/discharge of the gate
parasitic capacitance of the pass transistor. Thus, there is a trade-off between power
consumption and transient response.

Further work on this structure has been done creating a path that couples the changes
variations in the output voltage to the gate of the pass transistor. This can be implemented in
a simple way by means of RC coupling.

Advantages:

e The regulator uses RC coupling to solve the transient problems of the circuits for
input voltage variations without a significant increase in the quiescent power
consumption.

e The regulator that uses RC coupling can be used to improve both, the line and load

transient responses.

2.13 Current sensor for Ipp test :

Current sensor for lop test consists of a FVFCS plus a cascode output stage and a resistor that
transforms a replica of the transient supply current into an observable voltage. The FVFCS is
biased with the current source Ib which determines the effective bandwidth of the current
sensor.

A high frequency buffer [34] is also included to drive the voltage signal across load

resistance of chip and isolate it from the large output load capacitance.
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Advantages:
e Current sensor has low supply voltage and low input voltage requirements, very low
input impedance.
Current sensor has the capability to sink large currents with an approximately constant input
voltage close to one of the supply rails.

2.14 Low voltage, low power, high performance current mirror for portable analog
and mixed mode application [35,36]

A current mirror, which operates at low voltage supply requirement, is discussed. The mirror
has high output and high input voltage swings. Adaptive current biasing is also introduced for
reducing the effects of offset current. A compensation technique has been implemented to
enhance the bandwidth. This makes the current mirror (CM) structure attractive for portable,

high frequency applications.

2.15 A Comparative Study of the Performance of the Flipped Voltage Follower Based
Low-Voltage Current Mirrors [37]

A comparative study of flipped voltage follower based current mirror topologies which are
capable of operating with low-voltage supply requirement is performed. The comparison of
FVF based cascade current mirror is done with conventional cascade current mirror is carried
out and performance wise current mirror based on FVF cell is found better than conventional

current mirror.

2.16 Very low input impedance low power current mirror [38]

A novel low input impedance current mirror/source is discussed. Simulation results in the
paper show an input resistance for the proposed current mirror about 0.006 Q. This is 4 x
10° times lower than that of the simple one while both working with 1.5 V supply and 50 pA
bias current. It consumes only 161 pW and exhibits an excellent current error value of Zero at
55 pA which remains below 0.6% up to 100 pA. Favorably its minimum output voltage is

reduced to 0.2 V.

2.17 A New Low-Voltage Current Mirror Circuit with Enhanced Bandwidth [39]

14



In this paper, low-voltage current mirror circuit is presented. The proposed circuit is
implemented by using four PMOS and five NMOS. The suggested circuit operates at the
supply voltage of +1.3V. The bandwidth circuit has also been enhanced using resistive

compensation technique.

2.18 High frequency flipped voltage follower with improved performance and its

application [40]

A wideband flipped voltage follower (FVF) with low output impedance is discussed.
Inductive-peaking-based bandwidth enhancement technique is implemented in the FVF cell.

Wideband low-voltage current mirrors are also presented with high bandwidth.
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CHAPTER
PROPOSED LOW-VOLTAGE
CURRENT MIRRORS

3

This chapter contains three low-voltage current mirrors namely low-voltage current mirror
(LVCM), flipped voltage follower based low-voltage current mirror | (FVFLVCM 1) and
flipped voltage follower based low-voltage current mirror Il (FVFLVCM II) operating at
+1.2V, +1.2V and +1.2V & +1V respectively. The AC equivalent models of these circuits
have also been presented to estimate the bandwidth and to justify the stability criteria based

on pole-zero concept.

3.1 Proposed Low-voltage Current Mirror

The proposed low-voltage current mirror (L\VCM) is shown in Figure 3.1. The transistors M4
and M5 are used to generate the biasing current (Ib). At node 1, the two currents namely bias
current (Ib) and input current (lin) are injecting in and are entering into the transistor MO with
current Ib+lin. The four pairs of transistors MO&M1, M2&M3, M4&M5 and M6&M?7 are

perfectly matched and are used to form current mirrors.

fT’ Voo

1

Figure 3.1 Proposed low-voltage current mirror
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The AC equivalent model of the proposed LVCM is as shown in Figure 3.2. In this model, it
IS assumed that

Figure 3.2 AC equivalent model of proposed LVCM

C, = Cgsl +Cgso, Cgsz +Cgs3, Cgs4 +Cgss,c = C936 +C,:C =C

gs7 7 gs8

(5)

where C_q_o110 1S the gate-to-source capacitance of the i transistor.

The equivalent capacitance (c) can be written as

C=C +C (6)
The output current can be written as

i A (7

where V. is the output voltage

On applying KCL at nodes 1, 2, 3 and 4 respectively, we get

~OmaVi — Qs —SCV, = 0

(®)
—OpsVy = OmpV, —SC,V, =0 9)
—0m6Vs — 93V, —SC,V, =0 (10)
= Gin7Vs ~ GmVa — SCsVour = (11)
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where g, , (i=0 to 7) is the transconductance of the transistor M; and v,,v,,v, and v, are the

voltages at the nodes 1, 2, 3 and 4 respectively.

Solving (6)(7)(8)(9)(10) and (11), the transfer function can be written as

[wrnsgm]+ g 1[S+ gmzj[H gmej
Iout — Oms Cc,C, m C, C,
l.
m [H U j[“ gmej[s+9rno+9m] (12)
C, Cc, C

From (12), it is concluded that the transfer function exhibits a dominant pole (at s= -@)
2

which decides the bandwidth of the proposed LVCM circuit. By introducing the zero at

frequency (s= - Imo ), dominant pole can be changed which finally results in enhancement of
CZ

the bandwidth.
3.1.1 Proposed low-voltage current mirror with enhanced bandwidth

In this section, bandwidth of low-voltage current mirror (LVCM) has been improved using
two types of compensations namely passive compensation and active compensation. The

frequency analysis has also been performed to obtain the modified transfer function.
3.1.1.1 Bandwidth enhancement of proposed circuit by passive compensation

The proposed circuit improves the bandwidth of the LVCM by performing modification as

shown in Figure 3.3.

4—]—’ Foo

R i,

= (I, +1,) —_—

Figure 3.3 AC equivalent model of proposed LVCM
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The AC equivalent model of the Figure 3.3 is as shown in Figure 3.4. In this model, it is

assumed that

— gnav1 — Emivl

1T

—  EmiVs
Co

.:_

Figure 3.4 AC equivalent model of passively compensated LVCM

C0 = CgsO ’ Cl = Cgsl; CZ = Cgsz + Cgs3’ Cgs4 + CgsS ’ CgsG + Cgs?’ CgsB
(13)

where C_ o110 1S the gate-to-source capacitance of the i transistor.
The equivalent capacitance (c) can be written as
C=C,+C, (14)
The output current can be written as
Iout =—SCsVout (15)
where V,,; is the output voltage
On applying KCL at nodes 1, 2, 3, 4 and 5 respectively, we get
lin _(gm4 +%)Vl_(gm0 _%)\% —scv; =0 (16)

~ OmsV1 — OmaV, —SC,V, =0 a7
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~OmeVs —UmsV2 —SC,V3 =0 (18)
—Om7Vs = 9mVi = SCVo = 0 (19)

v, —V
where g, , (i=0 to 7) is the transconductance of the transistor M; and v;,V,,V,,V,, and v;are

the voltages at the nodes 1, 2, 3, 4 and 5 respectively.

Using (13)(14)(15)(16)(17)(18)(19) and (20), the transfer function can be obtained as

Ioul — [gmagm59m7 + gml(gm3 + S(:4)(gm2 + SCZ)](Rscl +1) (21)
b (Gs +5€4)( Gy + SC)I(RSC, +1)(Gpy +5(Co +C3) + 10) + (U — 1)1

From (21), it can be observed that the insertion of R introduces a zero which cancels the

dominate pole (s = —@] and enhances the bandwidth. The modified transfer function can
CZ

be written as

Tow _ [9ms9msIm7 + Iy (Iims +5C4)(Gmp +SC,)] (22)
L (Gs + 3G )I(RSC, +1)(Gs +3(Co +C5) + 1R) + (9o — 1R)]

3.1.1.2 Bandwidth enhancement of proposed circuit by active compensation

The proposed circuit as shown in Figure 3.5, improves the bandwidth as well as the chip area
by introducing a active device instead of passive device. The transistor M9 is inserted
between transistors MO & M1 and the gate terminal of M9 is connected to output node, which

provides required bias voltage.

Figure 3.5 Actively compensated proposed LVCM
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The AC equivalent model of the Figure 3.5 is as shown in Figure 3.6. In this model, it is

assumed that

Vour | 4

gmivl

Figure 3.6 AC equivalent model of actively compensated LVCM

CO = CgsO ; C1 = Cgsl; CZ - Cgsz + Cgs3; CS = Cgs4 + CgsS ; C4 = CgsG + C:gs7 ; CS

where C o0 iS the gate-to-source capacitance of the i transistor.

The equivalent capacitance (c) can be written as
C=C,+C,
The output current can be written as

Iout = —SCsVout

where V. is the output voltage

On applying KCL at nodes 1, 2, 3, 4 and 5 respectively, we get

0

out —

I, —(9ps +SC+ Qo + oY mo 5, +5C; )V, — (U0 + OmoYme & +SC)V
—OmsV1 — OmaV, —SC,V, =0

—0OmeVs — UrmaVo —SC,V5 =0

—Om7Vs = OniVs — SCsVoy + (V; — Vo, )SC; =0

SCVs + Qg (Vout _Vl) =0

20958 c, =C
(23)

(24)

(25)

(26)
(27)

(28)
(29)

(30)
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31 Yout

where g, , (i=1 to 10) is the transconductance of the transistor M; and v;,V,,V,,V,,, and v;are

the voltages at the nodes 1, 2, 3, 4 and 5 respectively.

Solving (25)(26)(27)(28)(29) and (30), the transfer function can be evaluated as

IOUK SZCICS[gml(ng + SC4)(ng + SCZ) + gmﬁgm59m7 - SCB(ng + SCA)(ng + SCZ)]

Iin B [gml(gmﬁ +S(:Ll)(gmz + SCZ) + nggmsgm7 _Scﬁ(gmﬁ +SCA)(gm2 +SCZ)](SZCBCI + gmgscl + gmogmg) +[gm4501 + gmgscl + gm()gm9 +Sz‘::l((‘\'(] +CS +C6)](SC5 +SCG)

(31)
From (31), it can be seen that insertion of the transistor M9 between transistors MO and M1
modifies the characteristics equation due to which dominant poles get shifted (further away
from origin), which enhances the bandwidth of the proposed LVCM.

3.2 Proposed Flipped Voltage Follower Based Low-Voltage Current Mirror |

The proposed flipped voltage follower based low-voltage current mirror | (FVFLVCM 1) is

shown in Figure 3.7. The transistors M7 and M8 are used to generate the biasing current (Ib).
At node v, the two currents namely bias current (Ib) and input current (lin) are injecting in

and are entering into the transistor M5 with current Ib+lin. The four pairs of transistors
M2&M5, M3&M4, M7&M8, MI9&M10 are perfectly matched and are used to form current
mirrors. Therefore drain currents of transistor M3 and transistor M5 transfers to transistor
M4, transistor M2 respectively. Also the drain current of transistor M9 is copied to transistor
M10. In proposed circuit, the flipped voltage follower cell (FVF) is realised using two
transistors M5 and M6 to reduce the power supply requirement of the circuit. The transistor
M6 in FVF cell always remains in saturation in order to avoid quiescent point shifting and the

transistor M5 bears all the changes in the drain current and remains in linear region.
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31, +I,,)l

Figure 3.7 Proposed FVFLVCM |

The AC equivalent model of the proposed FVFLVCM 1 is as shown in Figure 3.8. In this

model, it is assumed that

Figure 3.8 AC equivalent model of FVFLVCM |

C - Cgsz + CgsS’ Cgs3 + CgsA + CgsG 1 Cgs7 + CgsS’ Cgsg + Cgle; CS = Cgsl

(32)
where C 1) 1S the gate-to-source capacitance of the i transistor.
The equivalent capacitance (c) is given as:

(33)

C=C +C,

The output current (1,,,) is given as
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I out — g mlvout (34)

where g, is the transconductance of the transistor M, and v, is the output voltage.

out

On applying KCL at nodes 1, 2, 3, 4 and 5 respectively, we get

~ 07 Ve —SCV, — 0,6V, —V,)=0 (35)
—0eVs — 93V, —SC,V, =0 (36)
— 0oV —0ppV; —SC,V, =0 37)
= OmoVs ~ GmaVa ~ GaVour — SC:Vour =0 (38)
I+ 9,6V, —V,)— 0,5V, =0 (39)

where g, 10 1S the transconductance of the transistor M; and v,,v,,v, and v, are the

voltages at the nodes 1, 2, 3 and 5 respectively.

Using (34)(35)(36)(37)(38) and(39), the transfer function is obtained as

Iout — gml[gm89m4(gm9 + SC4)+ gm29m8(gm3 + SCz)]
Iin (ng + gm? +SC Xgmg + SC4)(gm3 + SCZ)(gml + SCS) (40)

From (40), it can be seen that the transfer function exhibits a dominant pole (s =—%j
CZ

which decides the bandwidth of the proposed circuit. The dominant poIeEs = —%j can be

2
cancelled out using pole zero cancellation method by introducing a zero which results in

enhancement in the bandwidth of proposed circuit.

3.2.1 Proposed Flipped Voltage Follower Based Low-Voltage Current Mirror | With
Enhanced Bandwidth

The proposed circuit in this section improves the bandwidth of the FVFLVCM 1 by
performing modification as shown in Figure 3.9. In this circuit, a resistance R is connected
between gate and drain terminals of the transistor M5 and M6 respectively which creates the

voltage difference between two terminals.
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Figure 3.9 Proposed FVFLVCM with passive compensation technique

The AC equivalent model of the circuit is shown in Figure 3.10. In this model, it is assumed
that

Figure 3.10 AC equivalent model of passively compensated FVFLVCM |

CO = Cgsz;cl = CgsS;CZ = CgsB + Cgs4 +CgsG;C3 = Cgs? +C958;C4 = Cng +Cgle;C5 = Cgsl

(41)
where C i 10 IS the gate-to-source capacitance of the i transistor.
The equivalent capacitance (c) can be written as
C=C,+C, (42)
The output current is given as
lout = ImiVout (43)

where g, is the transconductance of the transistor M, and Vout is the output voltage

On applying KCL at nodes 1, 2, 3, 4, 5 and 6, we get
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V.
~ OV —SC V; = Ue (V; _Vx)+gm5vy+(—llJ_0 (44)

R+—

SG
— OmgVs — ImaV2 —SC,V, =0 (45)
—OmgVs — OmaVy —SC4V3 =0 (46)
~ OmioVs — ImaV2 — ImiVour — SCsVour =0 (47)
Ome (V2 =V ) ==Ly + OsVsy (48)

VR

Y 1+Rsc, (49)

where g, ;010,15 the transconductance of the transistor M; and v,,V,,V;,V,,,V, and v, are

the voltages at the nodes 1, 2, 3, 4, 5 and 6 respectively.

Using (43)(44)(45)(46)(47)(48) and (49), the transfer function is obtained as

M — gml[gmsgm4(gm9 + SC4)+ gngmS(ng + SCZ)](Rscl +l)
L (Gms + Gy +5¢ I(RSC, +1) + (SC; + G1s)](Grmo + SC,)(G s + SC, )Gy + SCs ) (50)

From (50), it is observed that the transfer function has five poles and two zeroes whereas in (40), there

are four poles and one zero. The dominant pole (s = —%] in (46) can be cancelled by introducing
C2
1 . .
zero atS = ——— and then (50) is modified as
Rc,
Iout — gml[gmsgm4(gm9+SC4)+gngm8(gm3+SC2)]
Iin (gms + gm7 +sC I(Rscl+1)+(scl+gm5)](gm9 +SC4)(gml+SCS) (51)

From (51), it can be seen that the cancellation of pole (s = —EJ shifts the dominant pole to
C2

s= - Ims \which lie further away from the origin and therefore enhances the bandwidth of the
Cy

proposed FVFLVCM 1.
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3.3 Proposed flipped voltage follower based low-voltage current mirror 11

The proposed flipped voltage follower based low-voltage current mirror Il (FVFLVCM 1) is
shown in Figure 3.11. The transistor pairs M2&M5, M3&M4, M7&M8, M9&M10 are
perfectly matched and are used to form current mirrors. In proposed circuit, the flipped
voltage follower cell (FVF) is realised using two transistors M5 and M6 in order to reduce the
power supply requirement of the proposed circuit. The gate terminal of transistor M6 is
connected to its drain terminal, as in FVVF cell transistor M6 always remains in saturation in
order to avoid quiescent point shifting. The transistor M5 bears all the changes in the drain

current and remains in linear region.

Figure3.11 Proposed FVFLVCM II

The AC equivalent model of the proposed FVFLVCM 11 is as shown in Figure 3.12. In this

model, it has been assumed that

Figure 3.12 AC equivalent of FVFLVCM II

CgsZ +Cg35 +CgsG’ C +C Cgs? +C958’ Cg59 +Cgle;C5 :Cgsl

(52)

gs3 gs4 ’
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where C 10 1S the gate-to-source capacitance of the i" transistor.

gsi(

The equivalent capacitance (c) is given as:

C=C, +C, (53)

The output current (1,,,) is given as

I out — g mlvout (54)

where g,,, is the transconductance of the transistor M, and v,

out

is the output voltage.

On applying KCL at nodes 1, 2, 3, 4 and 5 respectively, we get

lin —OmVy —SCV, — 06 (V, —V,) =0 (55)
—0meVs — 93V, —SC,V, =0 (56)
— 0oV — 94V, —SC,V, =0 57)
= OmoVs ~ oV~ GaVour — SCsVour = 0 (58)
Irme (Vi =Vy) = OpmsVy =0 (59)

where g, w10 1S the transconductance of the transistor M; and v;,v,,v, and v, are the

voltages at the nodes 1, 2, 3 and 5 respectively.

Using (54)(55)(56)(57)(58) and (59), the transfer function can be obtained as

lout _ Il Im2(Ims +5C,)(Fe +5C4) + 91109 msImal
s (ng + 9,7 +SC )(gmg +5C,)(Qps + SCZ)(gml + SCS) (60)

From equation (60), it is observed that the transfer function exhibits a dominant pole

[s = —%j which decides the bandwidth of the proposed circuit. By introducing the zero at

Cy

frequency (s:—%j in order to perform pole-zero cancellation, dominant pole can be
C

changed which finally results in enhancement of the bandwidth.
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3.3.1 Proposed flipped voltage follower based low-voltage current mirror with enhanced

bandwidth

The proposed circuit shown in Figure 3.13 improves the bandwidth of the FVFLVCM 11. In
this circuit, a resistance R is connected between gate and drain terminals of the transistor M5

and M6 respectively which creates the potential difference between two terminals.

Figure 3.13 Passively compensated FVFLVCM |1

The AC equivalent model of the proposed FVFLVCM Il is as shown in Figure 3.14. In this

model, it has been assumed that

Figure 3.14 AC equivalent of Passively compensated FVFLVCM Il

c, =C c,=C +C956;c2=Cgs3+Cgs4;c3:C +C958;c4:Cgsg+Cgslo;cs:CgSl

(61)

gs2? gs5 gs7

where C o010 iS the gate-to-source capacitance of the i" transistor.

gsi(i

The equivalent capacitance (c) can be written as
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C=C,+C;
The output current is given as
Iout = gmlvout

where g,,, is the transconductance of the transistor M, and v,

out

On applying KCL at nodes 1, 2, 3, 4, 5 and 6, we get

R+—

V.
=G Ve —SCV; — g6 (V, =V, ) + OmsVy +—11 =0
[F)

~OmgV1 — OmsVo —SCV, = 0
~ OmoVs — OmoVs —SC,V3 = 0

~OmoVs — ImaVa = FmiVour = SCsVou = 0

Ome (Vz _Vx) :_Iin + OnsVa
\"
v, =——
1+ Rsc,

where g, 010,18 the transconductance of the transistor M; and v,, V,, V3, Vg, V,

the voltages at the nodes 1, 2, 3, 4, 5 and 6 respectively.

Solving (63)(64)(65)(66)(67)(68) and (69), the transfer function can be written as

Iout — gml[gmlogmsgm4 + gmz(gmg + SC4)(gm3 + SCZ)](Rscl +1)
Iin [(ng + gm7 +SC XRSCl +1) + (SCl + gms)](gmg + SCA)(gmB’ + SCZ)(gml + SCS)

From (70), it is seen that the transfer function has five poles and two zeroes whe

(62)

(63)

is the output voltage

(64)

(65)

(66)
(67)

(68)

(69)

and v, are

(70)

reas in (60),

there are 4 poles and two zeroes. The dominant pole (at s= -h) in (60) can be cancelled by

4

1
introducing zero (at s= -R—) and then (70) is modified as
Cl

Iout — gml[gmlognﬁgm4 + gm2(gm9 + SC4)(gm3 + SCZ)]
Lo [(Gms + 7 +5C KRSC, +1) +(SC, + G1n6)1(Grms + 5C, ) (Gt + SC; )

(71)
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From (71), it can be seen that the cancellation of pole (at s= -%) shifts the dominant pole
Cq

to 5= - Im3 which lie more away from the origin and therefore enhances the bandwidth of the
C2

proposed FVFLVCM 1.
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CHAPTER

4 STABILITY ANALYSIS OF
PROPOSED CIRCUITS

Stability of the proposed current mirrors mainly depends upon the location of poles and
zeroes. In this chapter the stability of proposed circuits is discussed by time domain and

frequency domain approaches.
4.1 Routh Hurwitz stability criteria (Time Domain approach)

According to routh Hurwitz stability criteria [41] for a close loop system to be stable, it is
necessary and sufficient that all the elements on the 1% column of routh’s array must have

same sign with no row results into all zeroes.
4.1.1 Routh Hurwitz stability criteria for low-voltage current mirror (LVCM)

From (12), the transfer function of the circuit can be written as

[gm7gm59m3j+ gml[s_'_ gm2 j[s_'_grnﬁj
Iout gm8 CLC> Cz2 Ca

1. C
n [S+gmzj[s+gm6j 64 9mo + Gma
c, Cc, c

Table 4.1 Routh’s array for LVCM

3 3
S CaC,C €496 (Tmo + Yrna) 0
i1
52 i C4Cgm2 gmGg mz(g m4+g mO) O
i1
1 8
S ZCACng[C4gmG(ng + 0l 0
i1
0 8
S ZCACQmZ[CAlgmG(ng + 0na)19m69 m2(9mat G mo)
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4.1.2 Routh Hurwitz stability criteria for flipped voltage follower based low-voltage
current mirror I (FVFLVCM 1)

The transfer function of the current mirror can be obtained from (40) as

— gml[gm89m4(gm9 + SC4)+ gngm8(9m3 + SCZ)]
Iin (gms + gm? +ScC )(gm9 + SC4)(gm3 + SCZ)(gml + SCS)

out

Table 4.2 Routh’s array for FVFLVCM |

S4 C5C,C,C igml(gm5+gm7)c402 (gm5+gm7)gmggm3gml
i=1
3 24 24
S zgmchCZC ngggmagmlc 0
i=1 i=1
2 542 24 0
S zgml(:ACZC[(ng +gm7)gm204cz] zngCACZC[(ng + gm7)gmggm3gml]
i=1 i=1
1 51824 O
S ng2C4CZC[(gm5 +0m7)9m2CaCs [T mo Ina I mCl
i=1
SO 518576 2 2 2 s .
Z gml c4 CZ c [(gms + gm7) ngCACZ][ng gma gmic]

i=1

4.1.3 Routh Hurwitz stability criteria for flipped voltage follower based low-voltage
current mirror Il (FVFLVCM 1)

The transfer function of the current mirror can be written from (60) as

lout _ Iml[9m2 (s +5C,)(9 e +SC4) + 91109 ms I mal
Iin (gm5+gm7+sc )(gmg+SC4)(gm3+SC2)(gml+SC5)

Table 4.3 Routh’s array for FVFLVCM 11

4 6
S Cs€4C,C ngl(gm5+gm7)c4c2 (Gns *+8n7) G0 Ors O
i=1
3 24 24
S zgmlc4czc zgmggmagmlc O
i=1 i=1
2 542 24 O
S ng1C4C2C[(gm5 +gm7)gmzc4cz] ngzczxczc[(gms +gm7)gmggm3gml]
i=1 i=1
Sl 51824 o

Z ngCACZC[(ng + gm?)gmzczlcz][gmggm:igmlc]
i=1

0 518576
S

ngl CAZCZZCZ[(gms + gm7)2 gmzc4cz][gmgzgm329mlzc]

i=1
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From Table 1, Table 2 and Table 3, it can be seen that all the element of 1% column of all
three routh’s arrays are of same sign (i.e positive), which means the proposed current mirrors

forming close loop systems are stable and can be compensated to enhance the bandwidth.
4.2 Stability in terms of phase and gain margin (Frequency domain approach)

The stability of the close loop system through frequency domain approach can be estimated
by obtaining positive values of gain (db) and phase margin. Though gain and phase margin

can be used as measures of stability, phase margin stands as best measure of stability.

Table 4.4 Phase and Phase margin of proposed current mirrors

Current mirrors Phase at gain cross over Phase margin
frequency (¢) (180+ o)
(in degree) (in degree)
LVCM 180.43° 360.43°
Passively compensated LVCM 179.14° 359.14°
Actively compensated LVCM 179.57° 359.57°
FVFLVCM | 15° 181.5°
Passively compensated FVFLVCM | 1.4° 181.4°
FVFLVCM lI 180.16° 360.16°
Passively compensated FVFLVCM lI 180.13° 360.13°

From Table 4, it can be concluded that the proposed current mirrors have positive phase

margins, the large value of phase margins indicate highly stable systems.
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CHAPTER

5 APPLICATIONS OF

PROPOSED CURRENT MIRRORS

This chapter presents current adder and subtractor circuits based on the proposed current
mirrors. The proposed applications can be widely used in analog signal processing
applications such as operational tranconductance amplifiers (OTA), amplifiers, Gm-C filters,

etc.

5.1 Application of proposed Current Mirrors to improve speed of analog LDPC decoder

The application of current mirror is widely found in the blocks of analog decoder circuit
based on the sum product algorithm. The conventional current mirrors limit the speed, when
analog decoder’s inputs are loaded using long wires. When the inputs of the equality nodes
are implemented using active current mirrors, their speed has found to be enhanced [41]. A
(1024 x 512) H-Matrix of (6,3) low density parity check code is used to illustrate the
applicability of proposed current mirrors. The code contains 512 equality nodes and 1024
check nodes having 3 and 6 edges connected to each node, respectively. A conventional

current mirror is shown in Figure 5.1.

Toalow
Impedance

lin
s ll out node

[ AHE

Figure 5.1 Conventional current mirror used at the inputs of an equality or check node with the modeled wiring

capacitance of Cw [42]
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The input resistance of circuit can be written in form of transconductance as

In (68)
The -3db bandwidth of the circuit is given by

BW (~3db) = 29—
7(Cin +Cy) (69)

where cin is input capacitance and cw is wiring capacitance (500fF)

From (69), the time delay of the analog decoder can be calculated as

.. 1
Timing Delay (D)= ———
g y (D) BW (_3db) (70)
’TVDD
] P |
[E2
| M, y
l[a l I,

R, In :

____l_.—'l M, M,

I i J,(Ib +Im)1 ==
|22, |
| |

Figure 5.2 LVCM used at the inputs of an equality or check node with the modeled wiring capacitance of Cw

Figure 5.3 FVFLVCM 1 used at the inputs of an equality or check node with the modeled wiring capacitance of
Cw
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Figure 5.4 FVFLVCM 11 used at the inputs of an equality or check node with the modeled wiring capacitance of
Cw

5.2 Current adder circuit based on proposed FVFLVCM |

The current adder using the proposed current mirror is shown in Figure 5.5. The adder circuit
is designed using proposed current mirror namely FVFLVCM
I, their functions are to precisely copy the input currents lin1 and lin2 at the drain terminal of
M1.

lbl

M]JI__H LI, N
| E ]
|

o

.|}_‘1r|:5:_[

Figure 5.5 Proposed adder circuit using FVFLVCM

On applying KCL on drain terminal of M1,
It = lin + Lz (72)

From equation (72), it can be observed that the output current 1,,, is the addition of two

input currents lin1 and lin2.
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5.3 Current subtractor circuit based on proposed FVFLVCM |

The current subtractor is also designed using proposed FVFLVCM I, which is shown in

Figure 5.6.

5’

Figure 5.6 Proposed subtractor circuit using FVFLVCM

On applying KCL on drain terminal of M1,
| (input toanproposedFVFLVCM) = Iinl - Iin2 (73)
From equation (73), it can be observed that the input current given to the 2" FVFLVCM 1 is

comes out to be I, —1,,,, which is replicated to M20 through FVFLVCM and output

current is obtained as

Iout = Iinl - Iin2 (74)
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CHAPTER

SIMULATION RESULTS

The proposed current mirrors and their applications are designed using SPICE in TSMC
0.18um CMOS technology. In this chapter, section 6.1 presents the DC characteristics of the
proposed circuits and section 6.2 discusses the AC characteristics along with the comparison
of proposed circuits with each other in tabular form. Phase and magnitude plot of the circuits
to justify the stability are shown in section 6.3. In section 6.4, simulation results for
applications of proposed circuits are presented. Lastly, the comparison of proposed current

mirrors is presented in section 6.5 with the current mirrors available in literature.
6.1 DC characteristics

The DC responses of Figure 3.1, Figure 3.7 and Figure 3.10 are shown in Figure 6.1, Figure
6.2 and Figure 6.3, respectively. From the Figures, it is observed that there is no current
flowing through the feedback path of the FVF cell at low frequency, so the DC characteristics

remain unchanged on performing passive and active compensations.

DC characteristics

lout (uA)

Figure 6.1 DC characteristics of proposed LVCM

39



FVFLVCM

lout (UA)

lin (uA)

Figure 6.2 DC characteristics of proposed FVFLVCM |

DC characteristics

lout (UA)

Figure 6.3 DC characteristics of proposed FVFLVCM |1

From the Figures 6.1, 6.2 and 6.3, it is observed that output current is following the input

current with the small dc errors (1, —1,,) shown in Figure 6.4 and 6.5. Figure 6.4 and 6.5

out

Show DC errors of the proposed LVCM & FVFLVCM Il and proposed FVFLVCM | at 1.2V
& 1V, respectively. Figures 6.6 and 6.7 show the DC power dissipation at the output for the
proposed current mirrors. Figures 6.8 and 6.9 show input voltage compliances and input DC
resistance of the circuits respectively. The DC error and DC power dissipation of proposed
LVCM and FVFLVCM Il are obtained as 5.7% & 3.7% and 111.20 pW & 99.40 pW
respectively. The DC error and the DC power dissipation for the proposed FVFLVCM 1 at
1.2V & 1V are calculated as 7.8% and 27.6 pW & 2.26% and 36.74 uW respectively.
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DC ERROR (uA)

DC ERROR (uA)

Power disssipation (u¥V)

e b L L b L Lo e Lo Ly

DC Error

¥1=-171u  x2=89.91u  dx=91.62u

[
(DC ERROR, 5.7%)

(DC ERROR, 3.7%)

lin (UA)

Figure 6.4 DC error of proposed LVCM & FVFLVCM II

DC ERROR

x1=-799 37n x2=4996u  dx=50.76u

(DC ERROR, 7.8%)

"-./(DC ERROR, 2.26%)

x1=-1.71u_ x2=80.18u  dx=91.89u

lim (uA)

Figure 6.5 DC error of proposed FVFLVCM 1 at 1.2V &1V

DC Power Dissipation

(DC power, 110.20uW) -

(DC power, 99 40UW)

50 100 150

lin (uA)

Figure 6.6 DC power dissipation of proposed LVCM & FVFLVCM I
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Figure 6.7 DC power dissipation of proposed FVFLVCM | at 1.2V &1V

input voltage compliance

EVELVCM |

lin (uA)
Figure 6.8 Input voltage compliances of proposed circuits
input impedance

Figure 6.9 DC input resistance of proposed current mirrors

42



The DC error and DC power dissipation Of the all the proposed current mirrors are listed in Table
6.1.

Table 6.1 DC error and DC power dissipation of proposed current mirrors

Current Mirrors Supply Voltage DC Error (%) DC Power
Dissipation (uW)

FVFLVCM I 1.2v 7.8% 27.6 pW
FVFLVCM | v 2.26% 36.74 pW
LVCM 1.2v 5.7% 111.2 pW
FVFLVCM Il 1.2v 3.7% 99.4 pW

6.2 AC characteristics

The frequency responses of the proposed circuits are shown in Figures 6.10, 6.11, 6.12 and

6.13. The frequency responses of the circuits get affected by the value of the feedback
element.

VCM
x1=346.46M x2=573.58M dx=227.13M y1=686.07m v579%13m dy=-593.94m

b, 573 58MHz)

(-3db, 346.46MHz)
-3db, 686.07MHz)

gain (m)

Frequency (Hz)

Figure 6.10 Frequency response of proposed LVCM with and without active & passive compensations

x1=169 82M x2=30142M dx=13160M y1=644.70m y2=36 83nF ViFLVGMsat 1.2V
o] \ eemornases.

(-3db,169 82MHz) | J

0

or

oe ({\dby 301.42MHz)
] i

83 \
] |

T

|
I

GAIN ()

o " ok 00K

Frequency (Hz)

Figure 6.11 Frequency response of proposed FVFLVCM I at 1.2V
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X1=73.19M x2=100.13M dx=26.94M y1=694.29m y2=-590m

FVFLVCM_1V
dy=-700.19m

1000

(-3db,73.19MHz)

{-3d,100.13MHz) N

|
|

E =] !
£ ] !
© 0|
(=)

- ; s ’ T T A AR

Frequency (Hz)
Figure 6.12 Frequency response of proposed FVFLVCM I at 1V
x1=251.38M x2=62854M ck=377.16M y1=643.17m y2=67.17m _fveq y analysis
o] T T
- N
. = N
y
05 \
\
4

i \ (aab 52054 MHZ) |
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E o]
©
Q

Frequency (Hz)

Figure 6.13 Frequency response of proposed FVFLVCM Il with and without passive compensation

The -3dB frequency of the all the proposed current mirrors are listed in Table 6.2.

Table 6.2 -3db frequency of proposed current mirrors

Proposed Current Mirrors Voltage supply -3db frequency
LVCM +1.2V 346.46MHz
Passively compensated LVCM +1.2V 686.07 MHz
Actively compensated LVCM +1.2V 573.58 MHz
FVFLVCM I +1.2V 169.82 MHz
Passively compensated FVFLVCM | +1.2V 301.42MHz
FVFLVCM I +1V 73.19 MHz
Passively compensated FVFLVCM | +1V 100.13 MHz
FVFLVCM Il +1.2V 232.13 MHz
Passively compensated FVFLVCM 11 +1.2V 628.54 MHz
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It is observed from frequency responses shown in Figures 6.10, 6.11, 6.12 and 6.13, the gain
remains unchanged by using passive and active compensation techniques. From the table 6.2,
it is observed that insertion of passive or active element in feedback path enhances the
bandwidth of the LVCM from 79MHz to 122MHz , FVFLVCM | from 169MHz to 301MHz
and FVFLVCM Il from 232MHz to 629MHz. Figures 6.14 and 6.15 show input impedance

variations with frequency of the signal applied to input terminal.

input impedance

(1.89, 30.08Kk) (1.73, 1.37k) dx=-154 19m dy=-28 71k m=186 17k
Evren

(1.89 Hz, 30.08Kohm)

20— EE)

Vin/lin (kohm)

(1.73 Hz, 14.16 kohm)

1 (1.6Hz 1.31 Kohm) J \
=

155}

Frequency (Hz)

Figure 6.14 Input impedance variations with frequency of input signal
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Figure 6.15 Input impedance variation with frequency of input signal at 1.2V and 1V

The Input impedance of the all the proposed current mirrors are listed in Table 6.3.
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Table 6.3 Input impedance of proposed current mirrors

Current Mirrors Voltage Supply Input impedance
LVCM +1.2V 14.16 KQ
FVFLVCM | +1.2V 1.31 KQ
FVFLVCM | +1V 1.84KQ
FVFLVCM I +1.2V 30.08 KQ

From table, it is observed that the input impedance of LVCM, FVFLVCM I and FVFLVCM
IT are obtained as 14.16 KQ, 1.31 KQ at 1.2 V & 1.84KQ at 1V and 30.08 KQ respectively.

6.3 Phase and magnitude plots of proposed circuits

Figures 6.16, 6.17, 6.18, 6.19, 6.20, 6.21 and 6.22 show the magnitude and phase plot of the
proposed current mirrors. In order to obtain phase margin of the current mirror, phase of the

current mirror is noted at gain cross over frequency.

Ilvem
(18.97, 180.00) (18.97, 180.00) dx=0.00 dy=0.00 m=inf

(180.43,0db) p—

Current Phase (deg), Current Magnitude (dB)

ook

Frequency (Hz)

Figure 6.16 Magnitude and Phase plot of LVCM for phase margin calculation

Ivem compensation

Current Phase (deg), Current Magnitude (dB)

0

Frequency (Hz)

Figure 6.17 Magnitude and Phase plot of passively compensated LVCM for phase margin calculation
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Figure 6.18 Magnitude and Phase plot of actively compensated LVCM for phase margin calculation
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Figure 6.19 Magnitude and Phase plot of FVFLVCM | for phase margin calculation
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Figure 6.20 Magnitude and Phase plot of passively compensated FVFLVCM | for phase margin calculation
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fvflvem Il (7.46, 180.00) (7.46, 180.00) dx=0.00 dy=0.00 m=inf
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(180.16,0db) anioce

Current Phase (deg), Current Magnitude (dB)

Frequency (Hz)

Figure 6.21 Magnitude and Phase plot of FVFLVCM I for phase margin calculation

fvflvem Il compensation
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Figure 6.22 Magnitude and Phase plot of passively compensated FVFLVCM II for phase margin calculation

6.4 LDPC decoder

The worst case wiring capacitance of 500 fF is placed at input node of the conventional
current mirror, the timing delay is found as D1 =279 ns which shows the extra delay due to
wiring [42]. Similarly same wiring capacitance is placed at the input node of proposed
current mirrors (Figure 5.2, Figure 5.3 and Figure 5.4) and results are obtained as shown in
Figure 6.23.
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High Speed LDPC Decoder
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Figure 6.23 -3db bandwidth of proposed current mirrors for High speed LDPC decoder

Table 6.4, shows the Comparison of -3db bandwidth and timing delay for different proposed
current mirrors with the conventional current mirror.

Table 6.4 Comparison of -3db bandwidth and timing delay for different proposed current mirrors with
conventional current mirror (cin=90fF)

Current Mirrors -3db bandwidth Timing Delay
Conventional Current Mirror [41 ] 483.4 KHz 279ns
FVFLVCM | 137.06 MHz 7.29ns
LVCM 39.16 MHz 25.53ns
FVFLVCM Il 736.92 KHz 135.69ns

From Table 6.4, it is observed that the FVFLVCM Il has maximum -3db bandwidth and
minimum timing delay, therefore it can be preferred over all the proposed current mirrors as

well as conventional current mirrors for analog LDPC decoder.

6.5 Adder circuit using FVFLVCM |
Figure 6.24, shows the output current of the adder circuit with respect to linl for 1in2=10 pA.
The DC error of 0.99% is calculated at lin1=100pA as shown in Table 6.5.
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x1=-175.44n x2=99.99u dx=100.17u  y1=108.17u yQAPgLIcaEIyO:gﬁ'agu
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Figure 6.24 DC characteristics of proposed current adder circuit

6.6 Subtractor circuit using FVFLVCM I

Figure 6.25, shows the output current of the subtractor circuit with respect to linl for lin2=10
MA. The DC error of 0.64% is obtained at 1in1=504A shown in Table.

ag&)licaﬁonz
x1=50.00u x2=100.09u dx=50.08u v1=93.81u ¥2=3958u dy=-54 13u

Current (uA)

py T T — T T P T T T T

o
]

lin (uA)

Figure 6.25 DC characteristics of proposed current subtractor circuit at 1in1=50 pA

Table 6.5, shows the DC error of the adder circuit and the subtractor circuit.

Table 6.5 DC Error of proposed applications

Application linl lin2 lout DC Error(%)
Adder Circuit 100 pA 10 pA 109.01 pA 0.99%
Subtractor Circuit 50 pA 10 pA 39.68 pA 0.64%
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6.7 Comparison of proposed Current mirrors

Table 6.6 compares different parameters of proposed current mirrors with the current mirrors

available in literature [35-40].

Table 6.6 Comparison of proposed current mirrors with current mirrors available in literature

Circuit [35,36] [37] [38] [39] [40] Proposed Proposed Proposed

Parameters LVCM FVFLVCM I FVFLVCM
1

Supply Voltage 1.5V 15V 15V 13V 15V 1.2V 1.2V 1V 1.2V

CMOS 1.2 ym 0.18um 0.18um  0.18um  0.25pm  0.18um 0.18um 0.18um 0.18pum

technology

Input current 1-500 0-100 0-100 0-50 0-100 0-100pA  0-50 pA 0-150 pA

HA LA LA HA HA

-3db frequency 1.2 GHz 212MHz 577MHz 60MHz  403MHz 686 MHz  302MHz 101MHz 629MHz

Input 3 KQ - - 1.93KQ 17.1KQ 1.34KQ 1.84 KQ 30.08 KQ

impedance

Output --- --- --- --- - 0.18MQ 0.71MQ

impedance

DC error 2.4 % - - 3.37% 57% 7.8 % 2.26% 3.7%

DC power 218uW - - 3243 111.2pW 278 pyW  36.74pW 99.4 yWw

dissipation uW

From the Table 6.6, it is observed that proposed FVFLVCM 1 has widest range of input

current and very high bandwidth along with optimum DC error, supply voltage requirement,

input impedance, dc error and dc power dissipation, though other proposed current mirrors

also have improved parameters than the current mirrors available in literature, but it is found

that FVFLVCM |1 is the best current mirror for the applicability purpose.
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CHAPTER
CONCLUSION AND FUTURE
SCOPE

-

The dissertation demonstrates low voltage current mirrors operating at +1V and +1.2V. The
compensation techniques have been applied to enhance the bandwidth of the current mirrors.
The stability analysis of all the proposed circuits have been performed using time domain and
frequency domain approaches. The circuits have higher bandwidth, lower input impedance,
lower supply voltage requirement, wider range for input current, lower power dissipation and
lower DC error than the current mirrors reported in literature. The proposed current mirrors
are also preferred over conventional current mirror for analog LDPC decoders as proposed
current mirror are much faster than conventional current mirror. Adder and subtractor circuits
with low DC error are also designed using one of the proposed current mirrors. The proposed

design works well with low-power, low-voltage analog signal processing applications.

Future Scope
Some suggestions and ideas for future work:

» A high bandwidth low-voltage current mirror can be designed using wideband flipped
voltage follower, which is designed by implementing inductive compensation
technique.

» A current-mode technique can be applied to the proposed current mirrors of a block of
equality nodes circuit by creating a negative feedback loop using an operational
transconductance amplifier (OTA) in order to improve the timing delay.

» A gain boosting circuit block can be used in the proposed current mirrors in order to

achieve the unity gain.
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APPENDIX

» TSMC NMOS & PMOS model files 0.18um CMOS technology

.MODEL Nmos NMOS ( LEVEL =53
+VERSION = 3.1 TNOM =27 TOX =4.1E-9
+XJ  =1E-7 NCH =23549E17 VTHO =0.3725327

+K1 =0.5933684 K2 =2.050755E-3 K3 =1E-3

+K3B =4.5116437 WO =1E-7 NLX =1.870758E-7

+DVTOW =0 DVTIW =0 DVT2W =0

+DVTO0 =1.3621338 DVT1 =0.3845146 DVT2 =0.0577255

+U0  =259.5304169 UA =-1.413292E-9 UB  =2.229959E-18

+UC  =4525942E-11 VSAT =9.411671E4 A0 =1.7572867

+AGS =0.3740333 BO =-7.087476E-9 B1 =-1E-7

+KETA =-4331915E-3 Al =0 A2 =1

+RDSW =111.886044 PRWG =0.5 PRWB =-0.2
+tWR =1 WINT =0 LINT =1.701524E-8
+XL =0 XW  =-1E-8 DWG =-1.365589E-8

+DWB =1.045599E-8 VOFF =-0.0927546 NFACTOR =2.4494296

+CIT =0 CDSC =2.4E-4 CDSCD =0

+CDSCB =0 ETAO =3.175457E-3 ETAB =3.494694E-5

+DSUB =0.0175288 PCLM =0.7273497 PDIBLC1 =0.1886574

+PDIBLC2 = 2.617136E-3 PDIBLCB =-0.1 DROUT =0.7779462

+PSCBE1 =3.488238E10 PSCBE2 =6.841553E-10 PVAG =0.0162206

+DELTA =0.01 RSH =6.5 MOBMOD =1
+PRT =0 UTE =-15 KT1T =-0.11
+KT1L =0 KT2 =0.022 UAl =431E-9
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+UB1 =-7.61E-18 UCl1 =-56E-11 AT =33E4

WL =0 WLN =1 ww o =0
FWWN =1 WWL =0 LL =0
#LLN =1 LW =0 LWN =1

LWL =0 CAPMOD =2 XPART =0.5

+CGDO =8.53E-10 CGSO =8.53E-10 CGBO =1E-12

+CJ =9.513993E-4 PB =038 MJ  =0.3773625

+CJSW =2.600853E-10 PBSW =0.8157101 MJSW =0.1004233

+CISWG =3.3E-10 PBSWG =0.8157101 MJSWG =0.1004233

+CF =0 PVTHO =-8.863347E-4 PRDSW =-3.6877287

+PK2 =3.730349E-4 WKETA =6.284186E-3 LKETA =-0.0106193

+PUO0 =16.6114107 PUA =6.572846E-11 PUB =0

+PVSAT =1.112243E3 PETAO =1.002968E-4 PKETA =-2.906037E-3 )

*

.MODEL Pmos PMOS ( LEVEL =583
+VERSION = 3.1 TNOM =27 TOX =4.1E-9
+XJ  =1E-7 NCH =4.1589E17 VTHO =-0.3948389

+K1 =0.5763529 K2 =0.0289236 K3 =0

+K3B =13.8420955 WO =1E-6 NLX =1.337719E-7

+DVTOW =0 DVTIW =0 DVT2W =0

+DVTO0 =0.5281977 DVT1 =0.2185978 DVT2 =0.1

+U0 =109.9762536 UA =1.325075E-9 UB =1577494E-21

+UC =-1E-10 VSAT =1910164ES A0 =1.7233027

+AGS =0.3631032 BO =2.336565E-7 Bl =5.517259E-7

+KETA =0.0217218 Al =0.3935816 A2 =0.401311

+RDSW =252.7123939 PRWG =05 PRWB =0.0158894
+tWR =1 WINT =0 LINT =2.718137E-8
+XL =0 XW  =-1E-8 DWG =-4.363993E-8
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+DWB =8.876273E-10 VOFF =-0.0942201 NFACTOR=2

+CIT =0 CDSC =24E-4 CDSCD =0

+CDSCB =0 ETAO0 =0.2091053 ETAB =-0.1097233

+DSUB =1.2513945 PCLM =21999615 PDIBLC1 =1.238047E-3

+PDIBLC2 = 0.0402861 PDIBLCB = -1E-3 DROUT =0

+PSCBE1 =1.034924E10 PSCBEZ2 =2.991339E-9 PVAG =15

+DELTA =0.01 RSH =75 MOBMOD =1
+PRT =0 UTE =-15 KT1T =-0.11
+KT1L =0 KT2 =0.022 UAl1 =431E-9

+UB1 =-7.61E-18 UCl1 =-56E-11 AT =3.3E4

WL =0 WLN =1 WW =0
FWWN =1 WWL =0 LL =0
#LLN =1 LW =0 LWN =1

LWL =0 CAPMOD =2 XPART =05

+CGDO =6.28E-10 CGSO =6.28E-10 CGBO =1E-12

+CJ =1.160855E-3 PB =0.8484374 MJ =0.4079216

+CJSW =2.306564E-10 PBSW =0.842712 MJISW =0.3673317
+CISWG =4.22E-10 PBSWG =0.842712 MISWG =0.3673317
+CF =0 PVTHO =2.619929E-3 PRDSW =1.0634509

+PK2 =1.940657E-3 WKETA =0.0355444 LKETA =-3.037019E-3
+PUO  =-1.0227548 PUA =-4.36707E-11 PUB =1E-21

+PVSAT =-50 PETAO =1E-4 PKETA =-5.167295E-3 )

*

.END
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