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ABSTRACT

Current mirror is the main building block of analog circuit designing which is
used to copy a current through one active device by controlling the current in another
active device of a circuit, keeping the output current constant regardless of loading. The
responsibilities of Current Mirror circuit are current amplification and to provide proper
biasing to analog circuits.

In this thesis low-voltage current mirror circuit operating at the supply voltage of
+1.3 volt is proposed. The proposed circuit is developed by using four p-type and five n-
type transistors. The bandwidth of the proposed circuit has been enhanced using resistive
compensation technique. The ac analysis of the proposed circuit has also been presented.

The proposed circuit has been simulated using Cadence Design Environment in
UMC 0.18 pm CMOS technology. The layout of the proposed circuit has been designed

using Virtuoso editor. The post-layout simulation using Spectre has also been presented.
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CHAPTER 1 INTRODUCTION

CHAPTER

1 INTRODUCTION

1.1 INTRODUCTION

Since the introduction of integrated circuits, the current mirror circuit has served as
the basic building block in analog circuit design. Current mirror circuit plays a huge role to
decide overall circuit characteristics. Integrated circuit industry concentrating on low-voltage
operation, low-power consumption, wide bandwidth and minimum area requirements,
therefore, there is a growing need for new, low-voltage analog circuit designs.

As its name implies it copy the current. In other words, a two terminal circuit whose
output current is independent of the output terminal voltage and depends only on the input
current is called current mirror. Figure 1.1 shows the symbols of current mirror circuits in
which arrow is used to designate the direction of the current flow on the input side. The ratio

1: K represents the current gain of the mirror circuit [18].

1:K L:

Figure 1.1 Current Mirror symbols (a) NMOS current mirror (b) PMOS current mirror

Current mirror circuits are used to perform current amplification in multiple of

reference current, level shifting, biasing and loading [10].
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CHAPTER 1 INTRODUCTION

1.2 CURRENT MIRROR CHARACTERISTICS

In this section different characteristics of an ideal current mirror circuit have been

discussed.

1.2.1 INPUT-OUTPUT RESISTANCE

Ideal CM has zero input and infinite output resistance, which implies that the input
voltage does vary with the input currents and the output currents are independent of applied
output voltage. However practical CMs have nonzero input and finite output resistances and
they do not truly copy the currents at the output port and a designer should aim to achieve
lowest possible input (R;,) and highest possible output resistances(Ry,¢). Due to these

nonidealities, the error in the current transfer (Ai = [;,, — Iyyt) equals Liy, (Tin /Tout)

Vi Ve
"ill Ioul /
m1 |} I[m2
I 4 + |
VGSI VGS!
— Vis —
T

Figure 1.2 Basic Current Mirror [CM] structure [6]

1.2.2 INPUT LINEAR RANGE

For the accurate reproduction of the current at the CM output, the total input current

must be in the range where both the devices M, and M, operate in saturations.

1.2.3 OUTPUT VOLTAGE SWING

An ideal CM produces an accurate output current regardless of the voltage present at
the output. In reality a CM require a minimum voltage at the output to ensure that the devices

operate in saturation. This voltage is called the output compliance voltage.
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CHAPTER 1 INTRODUCTION

1.2.4 DC BALANCE

The drain source voltage of the mirror transistors M; and M, [6] (Figure 1.2) affects
the accuracy of the output current. The error due to mismatch in drain to source voltages
equal A (Vpsy — Vps1). This indicates that if the drain source voltages of the mirroring

transistors are not balanced then there will be an offset current.

1.2.5 FINITE BANDWIDTH

The current amplification in CMC is typically is less than a factor of 100 and due to
the constant gain bandwidth product high frequency operation of the circuit is possible.
CMCs provide wide bandwidth operation at low gains. However, the voltage mode circuits

with similar closed loop gains produce comparable bandwidths.

1.2.6 DYNAMIC RANGE

The dynamic range of a circuit is the ratio of maximum signal level to the minimum
detectable signal level. The maximum input signal is determined by the input determines the

minimum detectable signal.

1.2.7 DEVICE MATCHING

Accurate mirroring of the signal current requires perfect matching of the mirroring
M; and M,. However imperfections in the CMOS processes lead to random and systematic

errors in devices.

In summary, CM the desirable characteristics are:

(a) Current Transfer Ratio (CTR) must be precisely set by the (W/L) ratio and it should be
independent of temperature.

(b) Very high output impedance (high Ry, and low C,,;). As a result the output current is
independent of output voltages.

(c) Low input resistance (Rjp).

(d) Low input and output compliance voltages.
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CHAPTER 1 INTRODUCTION

Several current mirror circuits have been reported in literature. Rajput and Jamuar [3]
have suggested level shifted high output impedance current mirror circuit to operate on low
power supply voltage. Kaur ef al. [8] have proposed self cascode current mirror circuit to
achieve high output impedance. Sharma et al. [7] have presented FGMOS based wide range
low-voltage current mirror circuit. Minch [14] has proposed current mirror circuits that
function well at all current levels, ranging from weak inversion to strong inversion. These
circuits are operated at the supply voltage of +5 volt. Rajput and Jamuar [2,3] have suggested
high performance current mirror for low-voltage designs operated at the supply voltages of
+1 volt and +1.5 volt. Baghtash and Azhari [10] have proposed low input impedance current
mirror circuits operated at the supply voltage of +1.5 volt.

In this thesis, a novel current mirror circuit is presented which is operated at the supply
voltage of + 1.3 volt. Also its bandwidth is enhanced using resistive compensation technique.
The proposed circuit is developed by using four p-type and five n-type transistors.. The
proposed circuit is operated at the supply voltage of +1.3 volt. The proposed circuit has been
simulated using Cadence Design Environment in the UMC 0.18 um CMOS technology. The
simulation results and AC analysis have been presented to demonstrate the feasibility of the
proposed current mirror circuit. The bandwidth of this circuit has also been enhanced using

resistive compensation technique.
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CHAPTER 1 INTRODUCTION

1.3 ORGANIZATION OF THE THESIS

The thesis is organized as follows:

CHAPTER 1: INTRODUCTION. This chapter presents an overview of current mirror

circuits, the specifications of the design and its applications.

CHAPTER 2: BASIC CURRENT MIRROR DESCRIPTION. This chapter discusses the

mathematical analysis of different current mirror circuits.

CHAPTER 3: LITERATURE REVIEW. This chapter explains the comparative study of the
different current mirror circuits available in literature in terms of input and output impedance,

DC characteristics, supply voltage requirement and bandwidth response.

CHAPTER 4: HIGH OUTPUT IMPEDANCE LOW-VOLTAGE CURRENT MIRROR. In

this chapter, low-voltage current mirror circuit with high output impedance is discussed.

CHAPTER 5: LOW-VOLTAGE CURRENT MIRROR STRUCTURE. This chapter presents
a novel current mirror circuit operated at the supply voltage of +1.3 volt. The bandwidth
enhancement of the proposed circuit by using resistive compensation technique is also

suggested.

CHAPTER 6: SIMULATION RESULTS. In this chapter, the pre-layout and post-layout
simulation results of the proposed current mirror circuit have been presented which confirm

the theoretical analysis of the proposed circuit.

CHAPTER 7: CONCLUSIONS AND FURTHER DEVLOPMENT. A brief conclusion and

possible improvements have been discussed in this chapter.
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CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

CHAPTER

2

BASIC DESCRIPTION OF
CURRENT MIRROR

2.1 INTRODUCTION

This chapter demonstrates the basic description of the current mirror through

mathematical analysis. This chapter is organized as follows: The simple current mirror is

discussed in section 2.2. In section 2.3, cascode current mirror is presented.

2.2 SIMPLE CURRENT MIRROR

A simple current mirror circuit is like a resistive divider circuit as shown in the

Figure 2.1. The transistor M1 is biased in saturation region. The output current I, is obtained as

1 w R, )
loutr = 5 HnCox T [Vbp FRT Vin]

Voo

Figure 2.1 current mirror represented by resistive divider [1]

(2.1)
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CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

The relation (2.1) reveals various dependencies of output current (Igyt) upon the
supply, process, and temperature. The overdrive voltage (Vpg) is a function of supply voltage
(Vpp) and threshold voltage (Viy,). The threshold voltage may vary by 100mv from wafer to
wafer, also mobility (p,) and Vi, exhibit temperature dependence. Thus Igyt is poorly
defined. The issue becomes more severe as the device is biased with a smaller overdrive
voltage to consume less headroom.

It is important to note that the above process and temperature dependencies exist even
if the gate voltage is not a function of the supply voltage means if the gate-source voltage of
a MOSFET is precisely defined then its drain current is not. So, must seek other methods of
biasing MOS current sources.

The design of current sources in analog circuits is based on “copying” currents from a
reference, with the assumption that one precisely defined current source is already available.
While this method may appear to entail an endless cycle, it is carried out as illustrated in

Figure 2.2.

Reference

Generator
/ REF@---

Figure 2.2 Use of reference to generate various currents [1]

A relative complex circuit sometimes requiring external adjustments is used to
generate a stable reference current, IRgp which is then copied to many current sources in the

system as shown in Figure 2.3.
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CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

Voo

! Rer

"Ol.ll
Copy |
Circuit _I

4

Figure 2.3 Conceptual means of copying currents.[1]

In Figure 2.3, If

Irer = f(Vgs) (2.2)
Where f(') denotes the functionality of Ip versus V.
Equation (2.2) can be written as

Vgs = f ' (Irgr) (2.3)

From equation (2.3), it is observed that if a transistor is biased at Iggg then it
produces Vg = f ~1(Iggp). Thus if this voltage is applied to the gate and source terminals
of a second MOSFET, the resulting current is Iy = ff 1(Iggr) = Irgr as shown in
Figure 2.4(b). From another point of view, two identical MOS devices that have equal

gate-source voltages and operate in saturation carry equal currents (if A=0).

The structure consisting of M; & M; in Figure 2.4(b) is called a “Current Mirror”. In the
general case, the device need not be identical. Neglecting channel-length modulation, the

currents relations can be expressed as
1 2
Irer = () o Cox (W/L); ( Vgs — Vih) (2.4)

lour = (3) Hn Cox (W/L); ( Vgs — Vth)? (2.5)
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CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

Voo
f
I rEF out
| g
w M, L
L M, ]
(b)

Figure 2.4 (a) Diode connected device providing inverse function (b) Basic current mirror

Dividing eqn. (2.5) by eqn. (2.4), the relation between Igyr and Igxgr is obtained as

W/L
lout = IRrer [EW;Lij]

(2.6)

The key property of this topology is that it allows precise copying of the current with no
dependence on process and temperature. The ratio of I, and Izgr is given by the ratio of

device dimensions, a quantity that can be controlled with reasonable accuracy [1].

To calculate I, and Iggr relationship of the following circuit (Figure 2.5)

Figure 2.5 Two stage Current Mirror [1]
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CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

Different current equations can be expressed as follows
Ip2 = Igrer [Ex%i] (2.7)

lIpz| = |Ipz]| (2.8)

Ips = Ipz Ex;t;:] (2.9)

Thus Ips = Ips a B Ijgr (2.10)
where a= %] s:[%] 2.11)

Proper choice of a and B can establish large or small ratios between Ip4 and Igxgg. For
example a= P=5 yields a magnification factor of 25. Similarly a=f=0.2 can be utilized to

generate a small, well defined current.

2.3 CASCODE CURRENT MIRROR

In the discussion, channel length modulation is neglected. Channel length modulation effect
results in significant error in copying currents, especially if minimum length transistors are
used so as to minimize the width and hence the output capacitance of the current source.

For the simple mirror of Figure 2.4(b), the drain current

Ip1 = (3) Hn Cox (W/L)1 (Vs — Ven)? (1 + AVpsy) (2.12)

Ip2 = (5) tn Cox (W/L)z (Vs — Ven)? (1 + AVpsz) (213)

and hence

Ipz _ (W/L)2 (1+2AVps,)
Ip1 (W/L);  (1+AVpgy)

(2.14)

While Vpgq = Vgs1 = Vps2, Vpsz may not equal Vi, because of the circuitry fed by Mo.

In order to suppress the effect of channel length modulation, a cascade current
source can be used. In Figure 2.6(a) if Vy, is chosen such that Vi = Vi, then I, closely
tracks Ixgg. This is because the cascade devices shield the bottom transistor from variations
in Vp.
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CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

AVy = AVp/ [(gm3 + gmb3) To3] (2.15)

Thus the voltage Vy remains close to Vx and hence Ip;= Ip, with high accuracy.

Such accuracy is obtained at the cost of the voltage headroom consumed by M3, while L;

must be equal to L,. The length of M3 need not be equal to L; and L.

. Voo
P I rer P
Yoo fout lout
"REF b ._I M3 MO I-‘ N ' M3
X Y X Y
M1 I—"——_l M2 M1 I""_| Mg
(a) (c)

Figure 2.6 Different structures
(a) Cascode current source
(b) Modification of mirror circuit to generate the cascode bias voltage

(c) Cascode current mirror [1]

Since the objective is to ensure Vy = Vg, it must be ensure that V,, — Vgg3 = Vx or V,, = Vi +
Vis3. This result suggests that if a gate-source voltage is added to Vx, the required value of Vy
can be obtained. As shown in Figure 2.6(b), the idea is to place another diode connected device
My in series with M;, thereby generating a voltage Vy = Vg0 + Vx. Proper choice of the
dimensions of My with respect to those of M3 yields V5o = Vgg3. Connecting node N to the gate
of M3 as shown in Figure 2.6(c), it can be written thatVggy + Vx = Vgs3 + Vy. Thus if
[(W/L);/(W/L)o] = [(W/L),/(W/L);], then Vgg3 = Vgso and Vy = Vx. This result holds
even if My and M3 suffer from body effect.

While operating as a current source with high output impedance and accurate value,
the topology of Figure 2.6(c) nonetheless consumes substantial voltage headroom. For
simplicity, let us neglect the body effect and assume all the transistors are identical. Then the
minimum allowable voltage at node P is equal to

11|Page



CHAPTER 2 BASIC DESCRIPTION OF CURRENT MIRROR

VN = Vi = Vgso + Vas: — Vru = (Vgso — Vru1) + (Vs1 — Vrud) + Vg (2.16)

two overdrive voltages plus one threshold voltage. Thus the cascade mirror of Figure 2.6(c)
wastes one threshold voltage in the headroom. This is because Vpg, = Visp, whereas
Vps, could be as low as Vg, — Vry while maintaining M; in saturation.

Figure 2.7 is describing the method to compensate the effect of channel length

modulation. In Figure 2.7(a) Vy, is chosen to allow the lowest possible value of Vp but the

output current does not accurately track IrRer because M and M, sustain unequal drain-

source voltages. In Figure 2.7(b) higher accuracy is achieved but the minimum level at node

P is higher by one threshold voltage.

p Voo
P
Voo m, ! out:‘ !reF I ner oo
out= 'REF
IHEF vb ._‘{ VG.S - VTH Ms +
x M Y - M‘U I_"_N.‘_{ VGS — VTH
2
+ f—
X Y
My AF*——[ Vas- Vry Mai's

VGS - M 1 Fh_{ VGS

(a) {b)
Figure 2.7 (a) Cascode current mirror with minimum headroom voltage

(b) Headroom consumed by cascade mirror [1].

In order to eliminate the accuracy headroom trade off described above, Figure 2.8(a)
has the cascade topology with its output shorted to its input. It must be ensure that V, —
VTHZ < Vx(= VGSI) for M2 to be saturated and VGSl - VTHl < VA(= Vb - VGSZ) for M1 to

be saturated. Thus
Vesz + (Ves1 — Vru1) < Vb < Vst + Vrne (2.17)

A solution exists if VGSZ + (VGSI - VTHl) < VGSl + VTHZ’ that is if VGSZ - VTHZ < VTHl. It
must be ensure that the size of transistor M, must be such that its overdrive voltage remains
less than one threshold voltage.
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Voo Yoo
Iper Irer
X X ! out
Vo o[ M, Vi —l | R

A | M, A B
—f M, I*.i II,'.:LM3
M <

{a) (b)

Figure 2.8 Modification of cascode mirror for low voltage operation [1].

In Figure 2.8(b), where all of the transistors are in saturation and proper rationing
ensures that Vs, = Vggs. If Vi = Vgso + (Vgs1 — Vrua) = Vgss + (Vgsz — Vrns), then the
cascode current source M3 and M, consumes minimum headroom (the overdrive of M3 plus
that of My) while M; and M3 sustain equal drain source voltages, allowing copying of IREF.

It is a “Low voltage cascode” current mirror circuit.
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CHAPTER 3 LITERATURE REVIEW

CHAPTER

3 LITERATURE
REVIEW

3.1 INTRODUCTION

In this chapter different topologies and current mirror circuits are discussed to
achieve the target of low-voltage power supply, low input impedance and high output
impedance. This chapter is organized as follows: different topologies of current mirror
circuit are discussed in section 3.2. In section 3.3, simple low-voltage current mirror circuit
is presented. Section 3.4, discusses the adaptive biasing low-voltage current mirror circuit.
FGMOS based wide range low-voltage current mirror circuit is discussed in section 3.5. In
section 3.6, self cascode current mirror circuit is given and very low input impedance, low

power current mirror circuit is presented in section 3.7.

3.2 DIFFERENT TOPOLOGIES OF LOW-VOLTAGE CURRENT MIRROR

In this section different topologies of Low-Voltage Current Mirror (LVCM) circuit

are discussed.

3.2.1 LEVEL SHIFTING STAGE

A level shifted CM structure is shown in Figure 3.1. The transistor M3 is used to

shift the voltage level at the drain of M;. Vj, is a characteristics parameter of a LVCM and

decides the range of input voltage swing in such circuits.
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CHAPTER 3 LITERATURE REVIEW

The bias current (Iyi,s) decides the operational region of M3 and the input current
(Iin) and the externally applied voltage at the drain terminal of M, decides operational
mode for M,. Similarly Iy,;is; and I, decide the operation region of M. For example, how
value of Iy, forces M3 to operate in subthreshold region, while I, ensures M3 to
operate in saturation region. When I, is high enough and drain voltage Vbs2 is low, M

operates in saturation region. For low input currents and high Iy;,1, the gate voltage for M,

is high (input current is also high)

+
M1 ‘.___
Vosi +
VGSI
-l - Vss

|

Figure 3.1 Level Shifted Current Mirror [3,7].

Thus Vi, can be calculated by applying KVL
Vin = Vgs1 — Vgs3 (3.1)
By applying KVL in other loop,
Vbp — Vgs1 =0 Ves1 = Vbp (3.2)

Since Vpp > Vry, there is a difficulty to keep the condition Vgg; — Vggz > 0 valid in a level
shifter based circuits over a wide range of Ij, [3,7]. One of the solutions is to use a p-n-p
transistor for level shifting and now Vi, = Vg1 — Vgg. Generally Vg approximates as
0.7V and Vasi is always more than 0.8V (If is assumed that V1=0.8V). As the device sizes
are reducing and Vr is also reducing and there will be a situation where Vgg; — Vgg > 0
will not be valid and hence it would not be able to use a p-n-p transistor. Thus there is
need to have an alternate choice of PMOS transistor as shown above in Figure 3.1.
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CHAPTER 3 LITERATURE REVIEW

3.22 CASCODE CM STAGE

Cascode term is the combination of Common source (CS) and Common Gate (CG)

as shown in Figure 3.2. MOSFET M is in CS mode while M3 is in CG mode.

f=]
! ot
Fb '_I Mg
¥
in
ME

Figure 3.2 Cascode stage [1,8]

Voltage Vy is used to provide biasing for M3 while input voltage is gives to M,. This
cascode input signals may be come from the last stage. Main motive of cascode structure is

to provide high gain with high output impedance for LV application.

3.2.3 SELF CASCODE CM STAGE

As the MOSFET size is shrinking the output impedance of the MOSFET is also
reducing due to the channel length modulation. To get high gain, it needs high output
impedance of the devices and short channel MOSFET cannot do it, to get it cascading is the
obvious technique. Cascading MOSFET increases the gain but it decreases the output
signal swing as well. So cascode structure cannot use in LV systems. If the circuit used is
modified in such a way that the biasing of the transistor M, does not affect the output
voltage swing, the output impedance of the structure can be increased to have high gain
structure at LV levels. One of the technique is to use the self cascode (SC) structure which
does not require high compliance voltage at output nodes and provide high output
impedance to give high output gain. This approach has potential applications in low voltage
design [5,8]. A self cascode is a 2-transistor structure [11] (Figure 3.3(a)), which can easily
be treated as a single composed transistor (Figure 3.3(b)). The composite structure has

much larger effective channel length and the effective output conductance is much low.
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The lower transistor M, is equivalent to a resistor, where value is input dependent.

The composite structure has both the gates of M; & M, driven by the input signal
and shares a single bias source. In this case composite cascode works like a common-
source stage, but with higher voltage gain. In self cascode for optimal operation, the W/L

ratio of M, is larger than that of M, i.e. m>>1. The effective g, for the composite

transistor is approximated as

gm
8m(effective) — FZ = 8m1 (3.3)
D
Iy,
M2 D
m W/L
T 2
G Ve X G ° I
IDI_’_ + |
-+ WIL ¥V, Ves
Vs —_ -
- s
s
() @)

Figure 3.3 (a) Self Cascode structure (b) Composite structure [5,8]

For composite transistor to be in saturation region M, have to be in saturation

region and M; in linear region [11,13]. For these transistors, the current Ip; and Ip, are

given as

Ip, = B, (Vin — Vo — (%)) Vi (Linearregion) (3.4)

Ip, = B, (Vin — Vpy — Vx )®  (Saturation region) (3.5)
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By solving the above expressions

2 = [ (Vin = Van)? (3.6)
Betfective = (Biiﬁéz) (3.7)
For B2 = mp,
Befrective = [(m+1)] = [(m+1)] B, (3.3)
And for m>>1
Betrective = B1 (3.9)

Thus in a self cascode structure M; operates in linear region, while M, operates in
saturation region. Hence, voltage between source and drain of M; is small. There is no
appreciable difference between Vpg, of composite and simple transistor and a self cascode
can be used in LV operation [8].

For a self cascode

Vbsat = Vpsat — M3 + Vps — My (3.10)
Vbsat = Vbsat — M; + Ip2Rm1 (3.11)
where Ry = ! (3.12)

Hn Cox (Vin_VTN)(¥)

The operating voltage of regular cascode is much higher than that of SC and hence
a SC structure is suitable for LV design. The advantage offered by SC structure is that it
offers high input impedance similar to a regular cascode structure while output voltage

requirement are similar to that of single transistor [12].
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3.2.4 MULTI INPUT FLOATING GATE MOSFET CM STAGE

The usage of low voltage circuits in portable and mobile equipment is well
established now. In non-mobile equipment, the applications of low voltage low power
circuits are increasing because it reduces the equipment weight and power consumption.
The current mirrors (CMs) are used as basic element for the design of low voltage circuit
structures and many low voltage current mirror structures have been developed. Most of
these structures have low compliance voltage at output node but many of them have high
compliance voltage at the input node. There are few circuits, which have low input and
output compliance voltages. However they have high offset current, thus limiting the
operating range. To increase their operating range, adaptation of multiple inputs floating
gate (MIFG) technology (a promising technique in low voltage design), needs to be

examined.

D
0 o ]

G
S

Figure 3.4 MIFG Transistor structure [4]

In a multiple inputs floating gate transistor the gate is floating. The first polysilicon
layer forms the floating gate (FG) over the n-channel while the second polysilicon layer
forms the multiple input gates (MIG). The FG is capacitively coupled to the MIG.

A two-input MIFG MOSFET is shown in Figure 3.4 where a dc voltage is applied
at one of the gates called bias gate (BG) while the signal is applied at second gate termed as
signal gate (SG). For a two-input FGMOS with V; =V =0 and C;, C; >> Cp, the

expression for floating gate voltage, Vgg is
Vig = K1V; + K,V (3.13)
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C C
K, =— K, = —2 3.14
1 Ctotal 2 Ctotal ( )
Ctotal = Cl + CZ + CS + CD + CB (3.15)

Similarly, C; and C, represent the capacitances between FG and SGs respectively. Ciota) 1S
the sum of all the capacitances between SGs and FG, capacitance between FG to drain,
capacitance between FG to source and capacitance between FG to bulk. Now the drain

current (Ip) in saturation region is given by
B B
Ip =73 (Ve — Vr)? = 5 [(KiVi+ KpVp) — Vr]? (3.16)

where B and Vr are the transconductance parameter and threshold voltage, respectively. It

may be written as

Ip = BK [Vi — Vp(eff)]? (3.17)
Vp(eff) = S22 (3.18)

As the value of V¢ (eff) depends on K, K; and V,, it is possible to program the value of the
effective threshold voltage of the MOSFET as per the requirement [4, 7].

3.3 LOW-VOLTAGE SIMPLE CURRENT MIRROR STRUCTURE

In a conventional CM figure M; is used in diode connected configuration and Vj, is
required to pump [, into the input port. Here Vj, depends solely on the biasing conditions
of Mj, which operates in saturation mode. Its trans-conductance (gq;) decides the input

impedance (R;,). For this structure (Vj,) is given by

2 Iin
Vin ~ Vet [[52) (3.19)
1

Lower limit of V;, is restricted to Vy,.
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The LVCM (Figure 3.5) uses M; and M; as a conventional CM. The level shifter
M, is operated in sub threshold region by selecting low bias current Iy;,s;. Second level
shifter Ms provides suitable bias to M3, which is used to enhance the output impedance

(RouTt)- lin flowing through M; is transferred to M». V;,, is given by

Vio = |52 + avth - vy (3.20)
B1
_ (L4- Ibiasl)
where Vy = nVr 1n[—(W4 ID04)] 3.21)

The minimum output voltage of the LVCM is

Vout = Vbsz(sat) T Vbs3(sat) (3.22)
Vg . E]
' M9
v T—— |
M7
ln I
Lex

\‘,’__1 | Ms

[

R | Mel
,;w\ " L)lm G

Figure 3.5 Low Voltage Current Mirror [2]

Ioftset 1S the most critical factor in LVCMs and sets the lower limit for [;, . Due M4,
the gates of M| and M, are not at reference potential even when I;;, is zero. The gate of M2

is at elevated voltage and its drain voltage depends on externally applied voltage (the drain
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voltage of M; is decided by I;, ). Hence a sub threshold current will flow in M, when [,

equals zero. This current is known as offset current, and is given by

Wy Lg I
Lz WZ Doz Iblasl eXp(AVt/T]VT) (3-23)

Ioffset

It indicates that I,¢se¢ can be tailored according to the designers need through the
appropriate selection of W and L. Threshold voltage mismatch AVy, = (Vi, — Vi) depends
on particular CMOS technology [2]. Even if the threshold voltages of PMOS and NMOS

are matched [t cannot be reduced to zero. The lower limit of I grgert 1S

W, L, I
Ioffset LZ W‘t} IEZZ bias1 (3.24)
Appropriate values for W/L of M, and My and Low ;a1 ensure lower Iggeget.
1.5 . _
w [ 1-Conventiond] CM 5 - ‘
= i ..-"‘"‘-'r- H .
S | 2-Popsdlyd 7 |, | -
I / o 4 - 1
EL0 = g ¢
e : :
_%’ . / -g P [ 1-- No compensation ' AN 4
§0 g ! , & -0uyR | _ \
o T § =OnlyC
é‘ f”,/ 2 5 .lq - KandL \Q
! _ 20
U,(lr/'f"" e RT3 ST BT RV R
0.0 0.1' 02 04 05 1 © .. 10 1000 -
putcwrentmmA Frequency in MHz

Figure 3.6 (a) Input voltage characteristics

(b) Effect of compensation on Bandwidth [2]
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3.4 ADAPTIVE BIASING LOW-VOLTAGE CURRENT MIRROR

In this section adaptive biasing low-voltage current mirror circuit structure and

result is discussed.

3.4.1 SIMPLE LVCM STRUCTURE

The conventional CM structures do not have high output resistance. The LVCM
structure shown in Figure 3.7 is based on the triode transconductor structure, and is

expected to increase the output resistance. The input current I;;, is pumped into the drain of
M,. The bias current of My is kept small so that My operates in the subthreshold region and
M; is in the saturation region. The transconductance (g,,;) and channel conductance (gq;)
of M; decide the input impedance (R;,). Here, My provides the requisite gate bias for M

and M, while M5 provides suitable bias for M3. V;,, is given by

— (2 Iin) _ i Iphias1
Vi, = /[ 22| + Avth |nVT1n(W4 IDM)| (3.25)

where AVy, ~ (Vip — Vi) is the mismatch between the threshold voltages of M; and M,

and f; represents the transconductance parameter for M

& .
in bias1 loui

¢ @ e

) P
: @ Ibias2

l Vss

Figure 3.7 High output impedance LVCM [3]
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Vg1 and Vg are equal, but Vg depends on the applied bias voltage (Vy), output
current (I,,¢) and the bias current of Ms (Ipias2). The current Iy;ag is biased to be 10uA,
which ensures that Ms operates in the linear region for entire range of V}, because the drain
gate voltage of Ms equals V. For a current flow through M3 and M», lower V}, implies
lower V4. This causes higher Vs than that required for Ipia to flow. Vs depends on the
gate bias of M3 and is at least equal to Vyg, + V. These conditions ensure that Ms
operates in the linear region. Also Vg, increases as Vy, is increased and M3 has to pump [, ¢
but drain source voltage of M3 is small and inadequate for the purpose. Hence, it requires
higher gate source bias, which equals the difference of applied voltage at source of Ms (V)
and the drain voltage of M, = (V¢ — Vgs5). Ve is normally taken as Vpp itself. Now Vpp

divides between V4 and V4g; as:

Vds2 — B3 (Vc—Vds2—Vin)
Vass B2 (Vdsl+ Vgs4-_th)

(3.26)

When V,, is small, the above ratio is high and Vg5 equals V,. With the increase in V},, Vgs
rises as M5 enters into the saturation from the linear region. When Vg, increases further,
V3 decreases to a minimum value where further decrease in Vg3 will not allow Iy to
flow. Now the increase in Vg5, stops and remains fairly independent and V 43 starts rising.

M3 enters into saturation, resulting M5 to be always in the linear region [3].

The input impedance (R;,) and the output impedance (R,y) are given by

~ L ~ __8m3
Rin ~ gm1 Rout (8d2 8d3) (327

where g4, and gg3 represent the output conductance of M, and M3, while g, and gms
represent transconductance for M; and Ms, respectively. Similarly, the minimum output

voltage necessary for CM operation is equal to:

Vout(min) = Vas2(min) + Vds3(min) (3.28)
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3.4.2 ADAPTIVE BIASING TECHNIQUE

For the LVCM of Figure 3.7, a minimum Iy, is required and Vi, is dependent of
both I, and Iy;.g. If Iy is increased, then V;, also increases. But this increase can be
reduced to a smaller value by increasing Ibias1. It is possible to increase Ipi,s; proportional

to i, by using the CMs obtained using Mg, M7 and Mg (Figure 3.8). The current through

Mg is proportional to I, and is Iyi,s. The gate source voltage for M (V) is given by

Vgsz = Vas1 + |AVips| — nVpIn (5 2=t (3.29)

W4 Ipoa

where AV, is the threshold voltage of M.

i | |
Ms | 1 M7
) |

il

Mj{ = ) %Emz %EAG

@ lpiasa

Lvss

|

Figure 3.8 ABLVCM structure [3]

It is find that V4 depends on Vg and Iyiasi. For low input current (Ii, <10pA), Vg
is nearly equal to zero volts and Iy, solely decides V. Ipiasi drives Vi to be near Vi,
even Tor zero Ii,. Vi, will also be zero, but Vs, increases independently with Vy,. Under
this condition, a current flows through M, (even though [, is zero), because decides the

gate bias for M, and Vg, increases independently with Vb.
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This condition drives M; into the subthreshold region and a small current, known as
the offset current (Iofrser) flows through Mj. As Iyias increases, the gate source bias of M,
increases, although Vj, is still negligible (= 0.0V for [j, < 1uA). This causes Iofser toO
increase. Thus, L restricts the increase in Ip;ag;.

Thus two contradictory requirements emerge (i.e. that Iy, should be increased to
keep Vi, low and at the same time Ibiasl should be decreased to keep Iofrser loW). In the
design of an adaptively biased LVCM (ABLVCM), Ly, 1s kept low, when 1, is low and is
increased for higher I,. Higher Iy, imparts low Vi, at higher I, and lower Iy, is
necessary at low I, to have low I Table 3.1 gives the values of offset current under
different operating conditions [3].

It is found that Iy can also be minimized by matching the threshold voltages of
the PMOS and NMOS transistors, but cannot be made zero. As shown in Table 3.1,
operation of the PMOS transistor in the sub-threshold region reduces Iyt by a factor of 3.

This concept has been used in the ABLVCM structure.

Table 3.1 [,¢er under different operating condition

Parameter Operating conditions
M1, M2, and M4 M1 and M2 (in sub-threshold) and
(in sub-threshold) M# (in saturation)
w, L, 1 AV, 2
Ioﬁiet —i_41.00 Ibias] exp(“—h—] EE. Z{ﬂ”_‘ﬂ_ + AV
L, W, I, nv; 2 B, th
'Io:ﬂﬁ'et !’V_z_éiwl K2 W2 L,,
(Mmlmum) Lz W4 biast }E;‘Z_W-: bias1
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Ve against I, characteristics Frequency response of proposed ABLVCM

Figure 3.9 (a) (I) Conventional CM (I) simple CM (lll) LVCM (IV) ABLVCM
Figure 3.9(b) (1) without compensation (Il) with resistive compensation (Ill) with capacitive

compensation (IV) with resistive capacitive compensation [3]

The I, against Vj,, characteristics for ABLVCM, it looks that Vj, is 0.65V for I, of

500uA, whereas it was 0.8V and 1.36V for the LVCM and the conventional CM,
respectively. The frequency response of ABLVCM is similar to that of the LVCM and the

bandwidth is dependent on the type of compensation used.
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3.5 FGMOS BASED WIDE RANGE LOW-VOLTAGE CURRENT MIRROR

A conventional CM structure is shown in Figure 3.10 (a), which requires input
voltage (Vi,) of at least one Vy,. This CM has high compliance voltage at input end and is
unsuitable for low voltage applications. The equivalent of this circuit in MIFG technology

is shown in Figure 3.10 (b).

Vlu V.l
‘ "
J/I,.. Iaul\/
' \/ Im Vb Iout
I i C1
M1 M2 — [ .
I+ + I[; MI ll-—l-l I M2
Vs Vs <— 2 _ﬁ
— — Vs .
Vs

Figure 3.10 (a) Conventional CM (b) CM based on MIFG MOSFETs [4,7]

In this circuit, one of the gate input terminals has been used to program the
threshold voltage of the MOSFET. It is found that the use of dc bias voltage (Vi) has

decreased the threshold voltage but the V-I characteristic is similar to conventional CM.
This circuit has low compliance voltage at low currents but is not suitable for high input
currents.

However in this circuit the threshold voltage can be made programmable if the

input voltage Vy, can be made to change proportional to [j,. This is achieved by feeding
back I, to produce a voltage proportional to the I, This voltage is obtained by passing it

through a resistance. The voltage drop across the resistance will be high at high [;, while it

will be low at low I, A circuit, which implements this behavior, is shown in Figure

3.11(a), where I, is fed back through current mirror formed by My and Ms.
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M3 M4

Tout .‘
| "
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M3 M2 M3
g | |
|—>| M2 ] | "__j ]

«
Ve :

Figure 3.11 (a) CM using MIFG with resistor (b) CM using MIFG MOSFET [4]

—r

To represent complete CMOS implementation, a MOSFET Mg as shown in Figure
3.11 (b) has replaced the resistance. The use of Mg reduces the threshold sufficiently at high
Iin. However, at low I;, almost negligible current flows through Mg, which provide very low
bias voltage (Vp). In this mode, the input voltage is almost similar to a simple CM. To
decrease this voltage further, a constant current flow has to be maintained through the
MOSFET Mg. The output impedance of this structure is low. Using MOSFET M5 as shown

in Figure 3.12 increases the output impedance. To bias My, transistors Mg and My are used.

The Figure 3.12 obtains a further improvement over the structure shown in Figure.
3.11(b). In that sense, MOSFETS M7 and My are added and the output is taken from the
drain of M5. This structure is similar to the one given in. The use of M7 and Mg has given
added advantage of low output compliance voltage high output impedance. Ms. This circuit
uses feedback currents at two places. One for programming the threshold voltage, which is
higher at higher input currents thereby reducing the input compliance voltage at high input
currents. Secondly the current is fed back to bias the transistor Mg, which increases the

output impedance of the resultant current mirror [4].
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| M
Vs
Figure 3.12 Final structure for MIFG mirror [4]

The CM circuits have been simulating for 0.5um technology with supply voltages
of £0.75V. W/L ratios for various MOSFETSs are chosen as 200um/Ium for M; and M,,
S50um/Ipum for M3, 100um/0.5um for My and Ms, 35um/Ipum for M6, 200um/0.5um for
M7, 1.5pm/1lpym for Mg and 50um/0.5um for My. The input port characteristics of the
various CMs are shown in Figure 3.13(a). By observation of this plot it is found that the

LVCM in Figure 3.12 has the best performance and the power consumption is 1.26 mW.

075 | 0 ——
2045 :
“8 % -2
e ¢ Q
y 015 A g 4 \
2 0.1 iﬂ
E .13 — E -6 \
=
g 045 ¢ a 8
275 L -10 S -
0.0 0.1 0.2 03 0.4 0.5 0 1 10 100 1000
Input cwrent (L ),mA Frequency, MHz.

Figure 3.13 (a) comparative Vj,-Ii, curves for various CMs (i) Conventional CM (ii) CM

with resistor (iii) CM with MOSFET (iv) LVCM. Figure 3.13 (b) Frequency response of
the propose CM [4]

The offset current is found to be 58nA and current transfer ratio is almost equal to

unity with error less than +0.1%. The frequency response of CM is shown in Figure.3.13

(b) and the bandwidth is found as 500 MHz

30| Page



CHAPTER 3 LITERATURE REVIEW

3.6 SELF CASCODE CURRENT MIRROR

The Self Cascode Current Mirror (SCCM) is shown in Figure 3.14. Here, the output
stage of a conventional CM structure is replaced by the Self Cascode (SC) structure. My
serves the purpose of the level shifter. The circuit is simulated for 0.13 um technology with
level 7 parameters. Iy,s of 5 pA is injected into it. The circuit operations are simulated for

supply voltage of £0.5 V.

in Vb Vb

lhias
out

=
y >

Vss

Figure 3.14 Self Cascode Current Mirror (SCCM) [8]

The input compliance voltage of 290 mV and the output compliance voltage of 300
mV are obtained for 90% of input current i.e. 100 pA. The output characteristic for low

currents is shown in Figure 3.15. An offset current of 360 occurs at I;,= OA.
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Figure 3.15 I-V Characteristics of SCCM at low currents [§]

For [;, of 100 pA the 3db bandwidth comes out to be 2.1 GHz. The influence of
gate resistances at Mj, M,, M3 of SCCM over the bandwidth are shown in Figure 3.16(a).
The gate resistance at M; (3 KQ) increases the bandwidth to 2.2 GHz and for 5KQ to 2.3
GHz. The capacitance in between the drain and gate of M, increases the bandwidth to 4.2
GHz. The bandwidth improves by threefold when both resistance and capacitor are
included at M, it comes out to be 6.1 GHz (for R, = 3 KQ and C = 10 nF). The effect of

resistive and capacitive compensation at M; of SCCM is shown in Figure 3.16(b).

! | 1 |

G‘;;f’“’“““ Gate Resistance at M1
at
0 4
o / 0 0 /| Resistive &
e a Cnpacye
c , £ 4 Ve
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8 ‘ §2 |
3 Gate Resistance at M2 \ %" Capacitive \\\

3 ! Pl o 3

I /
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4 ' 4 ‘
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Figure 3.16 (a) Effect of Gate resistances at M, M, and M3 on bandwidth of SCCM.

Figure 3.16 (b) Influence of various compensation techniques at M; on the bandwidth of
SCCM [8]
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3.7 VERY LOW INPUT IMPEDANCE LOW POWER CURRENT MIRROR

To get low input impedance, the main idea is to incorporate transistor M3 in
series with the input terminal of the basic circuit of the current mirror and use a gain
amplifier of ‘—A’ gain to control the gate voltage of Mj. In Figure 3.17 is shown a
simple current mirror (a) and the conceptual schematic of the current mirror (b). Any
increment in source voltage of M3 (as the result of injected input current) causes its gate
voltage to decrease ‘—A’ times, hence causing stronger sink of input current which results
in input impedance decrement by ‘A’. Figure 3.18 shows transistor level
implementations of this idea. As shown in Fig 3.18 (a) the amplifier can be
implemented by only two transistors which act as a simple inverter for which input

voltage is obtained as:

Vin = Vgs3 + Vs (3.30)

VDD

-,
Ih iast Iin U

et () ot ﬁz ot
]

M1 jg—{l: M2 N T_l—{ -

GND GND

Figure 3.17 (a) A simple current mirror

(b) A conceptual schematic of the current mirror [10]

For the amplifier to have the significant gain required for perfect operation of the
circuit, transistors My and Ms should operate in saturation region. If either of My or Ms
leaves saturation condition, amplifier’s gain reduces leading to increase of input

impedance [10].
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A ] L L L
] m

Figure 3.18 Transistor implementation of the low input impedance current mirror [9]

Figure 3.18(b) shows another implementation of the added amplifier using self cascode
scheme. By using self cascode schematic, effective length of transistors can be increased
causing two advantages: (1) the gain of the amplifier increases due to increase of its
output resistance hence leads to lower input resistance; (2) amplifiers’ current is
decreased which saves power consumption. The gain of amplifier can be increased by
adding two extra cascode transistors. But this method has two limits; (1) supply voltage
limits due to increasing of cascode transistors; (2) input impedance bandwidth degradation
due to existing of a very high impedance node in feedback loop. Another scheme to
achieve a higher gain is cascading of gain stages. Figure 3.18(c) shows a current mirror in
which amplifier of “A”is implemented by cascading of a self cascode inverter of “—Al”
gain and a positive gain stage of “+A2” building by transistors Mg-Mj;. So the

amplifiers gain of “A” obtained as:
A=A1%A2 (3.31)

The advantage is that A can be increased without increase of power supply voltage.
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Figure 3.19 Comparison of input impedance of different circuits shown in Figure 19

Figure 3.19 shows that circuit of 3.18 (c) has minimum input impedance 5.8m(2,

which is 4 x 10° times smaller than input impedance of simple current mirror in same

conditions and it has high frequency bandwidth of 577 MHz. It consumes only 161 uW

power.

lout/lin

10° h

10"

10*
frequency (Hz)

Figure 3.20 Frequency response of circuit figure 3.18 (c¢) [10]
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3.8 COMPARISON OF DIFFERENT CURRENT MIRROR CIRCUITS

In this section different current mirror circuits discussed above are compared in

tabular form. These all current mirror circuits are compared in terms of current mirror

characteristics parameters. Table 3.2 comparing the different current mirror circuits

Table 3.2 Comparison of different current mirror circuits.

Circuit Name Simulation | Input Current Supply Input Output Bandwidth
Technology Range Voltage | impedance | Impedance (BW)
(Iin) (Rin) (Rout)
Simple LVCM 0.8 um 1-500pA +1.0V 650Q 850 KQ 2 GHz
ABLVCM 1.2 uym 1-500pA +1.0V 1.8KQ 1 MQ 1.2 GHz
FGMOS LVCM 0.5 um 100nA- +0.75V 200 Q 1.35 MQ 500 MHz
500pA
SCLVCM 0.13 um 1-100 pA +05V 1 KQ 0.62 MQ 6.1 GHz
Low input imp, 0.18 um 1-100 pA 1.5V 5.8 mQ 407 KQ 57TMHz

Low power CM
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CHAPTER

HIGH OUTPUT IMPEDANCE

LOW-VOLTAGE CURRENT
MIRROR

4.1 INTRODUCTION

In this chapter a high output impedance low-voltage current mirror circuit is
discussed. The chapter is organized as follows: The high output impedance low-voltage
current mirror circuit is discussed in section 4.2. In section 4.3, the AC analysis of the circuit

is presented. Section 4.4 discusses the simulation results.

4.2 CIRCUIT DESCRIPTION

The high output impedance Current Mirror (CM) is shown in Figure 4.1 [18]. The
main idea is to increase the loop gain by a factor g,r, by cascoding transistor M;while
maintaining the drain symmetry of the current mirror formed by M, and M,. In the circuit
bias-loop circuit is formed by transistors M; to M,. In the circuit bias current and input
current is denoted by I;;, and Ig. With the output transistor Mg disconnected out from the
loop and with no input current applied at the drain of transistor M, (I;;, = 0) the steady-
state drain voltage of Mj, Vpyq, is equal to that of Mj, and is thus equal to their gate
bias voltage Vg. Furthermore, mirror transistors M, and M, are at the same saturation level
Ig/IR (the ratio of their forward current component to their reverse current component [17]).

As a consequence, their drain voltages are identical: Vv, = Vp mg.
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In the circuit, when output transistor M; closes the feedback loop and a current I;;, 1is
forced in the drain of transistor M,. Since M, is biased with a gate voltage Vg to sink a
current Ig, the current applied at its drain will disturb this steady state and result in an
increase of its drain voltage. As a consequence, the gate-source voltage of transistor M; will
be reduced, resulting in a rapid increase of its drain voltage to allow current Iz to keep
flowing. This voltage being applied to the gate of the output transistorMs , the output current
will increase and so will the bias voltage Vg , which is determined by the sum of the drain
voltage of M, and the gate-source voltage of M3: Vg = Vp 4 + Vs m3. The steady state will
be reached when the current through M, is equal to [;, + Ig , such that the current forced

out of the source of M; is equal to Ipy, — Ij, = Ig. At that point, the saturation level of

. . I Ij . . )
transistors M, and M, 1s exactly equal to I—F =2 +I‘—n and their drain-source saturation
R B

voltage Vpgsaris identical as well. Therefore, the drain symmetry of the current mirror
formed by M, and M, is maintained and there is no current offset between the output and

input currents; the output current I, is exactly equal to I .

N\ e) N\
PV b i
AN/ B \N/J 1
T i
*OUT W/
7\ \V4
T (1) Y D.MI
Tin \\//
r _l . I— —l N
M, |' '| M; M, |'
| 1L 1
& I !
VD,M2 VD,M4

Figure 4.1 High output impedance low-voltage CM schematic circuit [18].
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4.3 AC ANALYSIS

In this section the AC analysis of the high output impedance low-voltage CM circuit

has been performed. The AC equivalent model of this circuit is shown in Figure 4.2

Vi Vx

| out

Caes 4 W Zns(Var-Vag)

- Cog
Zm1 (VX'Vin ) ¢> — g5l <¢> =

g (Ve-Vig)

11l
|
@]
|
1

| 3 Vaa

in

2V % ¢ - G Lna V' ¢ Cosa —

Figure 4.2 AC model of the high output impedance low-voltage CM circuit (Figure 4.1)

where gmi (i=0to5)and Cgsi(i =0to5) is the transconductance and gate-to-source
capacitance of the i™ transistor, respectively. Similarly Vin Va1, Vaa is the input voltage, drain
voltage of the transistor M; drain voltage of the transistor M, respectively. Vx is the gate

voltage of the transistors M; M, M3 M,
As per schematic circuit

8m1 = 8m3’'8m2 = 8ma 4.1)
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The given AC equivalent model (Figure 4.2) can be modified as Figure 4.3.
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Figure 4.3 Simplified AC equivalent model of the Figure 4.2
In the AC equivalent model, it is assumed that
C, = Cgsl; C, = Cgsz = Cgs4; C; = Cgs3; Cs = CgsS (4.2)
Applying KCL at node 4, the output current I, is
lout = 8ms(Var — Vin) (4.3)
Applying KCL at node 1, the relation can be expressed as
Iin + gml(VX - Vin) = ngVX + (Vin - VX) 5C1 (4.4)
Equation (4.4) can be written as
Iin = VX(ng —8mi1 — SC1) + Vin (SC1 + gml) (4.5)
Applying KCL at node 2, relation is
gm1(Vx = Vin) + (Va1 — Vin)scs = 0 (4.6)
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After simplification (4.6), reduces to

Vy = [Vin(scs+gm1)_vd15c5] @.7)

8mi1

Applying KCL at node 3, the expression is
8m2Vx + (Vin — Var)scs + (Vin — Vx)scs = 8ms(Var — Vin) + 8m1(Vx = Vin)  (4.8)
After simplification (4.8), can be written as
Vx(8m2 — $€3 — 8m1) = Va1(SCs + 8ms) — Vin(sC3 + SC5 + 8m1 + Sms) (4.9)

Using (4.7) in (4.9), it can be expressed as

[Vin (8m1+scs)—Vq4iscs
gm1

] (gmz —SC3 — gml) = le(SCS + ng) - Vin(SCS +5C5 +8m1 + gms) (4 1 0)

By simplifying (4.10), the voltage V44 is

_ (scs+8m1)(Bmz—8m1—5€3)*+E8m1(SC3+SC5+8m1+8ms)
Va1 = Vin —— (4.11)
gm1(5C5+8ms)+5C5(8m2—SC3—8m1)

Using (4.11) in (4.3), the output current I, is

(s€5+8m1)(8m2—8m1—5¢3)+8m1(SC3+5C5+8m1+8ms) 1] (4.12)

Ioue = V;
out &ms Vin g€m1(5C5+8ms)+5C5(8m2—5C3—Em1)

By simplifying (4.12), the output current [,y

Iout — Vm [ Zgm18m28ms ] (4'13)

gm1(SC5+8ms)+5C5(Em2—5C3—8m1)

Using (4.7) in (4.5), input current I;,, is

L. = Vin(scs+8m1)—Vd15Cs
in —
8m1

] (gmz —8m1 — SC1) + Vin (SC1 + gml) (4- 14)

After simplification (4.14) can be written as

Iin — [Vin[(scs+gm1)(gm2 —8m1—5C1)+8m1(5C1+8m1)]-V415¢5(8m2 _gml_scl)] (4 15)

8m1

Dividing (4.13) by (4.15), the current gain can be written as

IOth _ g?nlgngms (4 16)
Lip  c1C3¢2(s*+53X; +52X,+5X3+X4) ’
in 1%3%5 1 2 3 4
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C —C —-C

where X, = (C38m1 C31gér;2 18m1) (4.17)
X, = (C58%1—C18m18m5—Cs58m18m2+C58m1—C3—C38m18m2) (4.18)

z C1C5Cs '
X, — (Emi8mz8ms-Ei18ms=Em2 +Em18m2) (4.19)

3 C;C3Cs )

(g%nlgngmS_gmlgmz_gmlng)

X, = 4.20
4 C.CoC ( )

As from relation (4.16), this circuit current gain has four poles and as per

mathematical calculation these are complex conjugate poles.

4.4 SIMULATION RESULTS

In this section DC and AC characteristics of the high output impedance low-voltage

CM schematic circuit have been discussed.

4.4.1 DC CHARACTERISTICS

Current transfer characteristics of the high output impedance low-voltage CM
circuit is shown in Figure 4.4, it plots the output current versus input current.
The input current is varied from 0 to 100 uA. From the plot of Figure 4.4, it

can be seen that the output current follows the input current.

1254 7RO7PLUS

1004

o] 25.0 50.0 75.0 100
dc (L)

Figure 4.4 Current transfer characteristics of the high output impedance low-

voltage CM circuit.
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4.4.2 AC CHARACTERISTICS

The frequency response of the high output impedance low-voltage CM
circuit is shown in Figure 4.5. In this response, current gain and frequency is
taken at vertical and horizontal axis, respectively. In the beginning current
gain is constant with the frequency and then overshoot occurs. This overshoot
occurs due to complex conjugate poles in the circuit transfer function. The

bandwidth of this circuit is 220 MHz.

AC Response

2.0 Gwvave 220 [wave_230) [.39929]

.75

109 101 102 103 104 10° 108 107 102 109 1010 101t
frea (Hz)

Figure 4.5 Frequency response of the high output impedance low-voltage CM circuit.
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CHAPTER

5 PROPOSED LOW-VOLTAGE
CURRENT MIRROR
CIRCUIT

5.1 INTRODUCTION

In this chapter, low-voltage current mirror circuit structure operating at the supply voltage of
+ 1.3 volt is proposed. The bandwidth of the proposed circuit has been increased using
resistive compensation technique. This chapter is organized as follows: the proposed current
mirror circuit is discussed in section 5.2. In section 5.3, the proposed current mirror circuit AC
analysis is presented. Section 5.4 discusses the AC analysis of the proposed current mirror

circuit with enhanced bandwidth.

5.2 CIRCUIT DESCRIPTION

Figure 5.1 shows the proposed low-voltage current mirror circuit. In the proposed circuit the
transistors My and M5 are generating the bias current. At node 1, two currents namely input
current (I;,) and bias current (I,) are injecting in which the input current is transferred to the
output terminal (node 4). As per KCL, the value of W/L of transistor M is chosen in such a
manner that the current (I, + 1) will flow through it. The gate-to-source voltages (Vgs) of
transistors My and M, are equal therefore, the same current (I;, + I) will flow through the
transistors. The remaining transistors are used to copy the currents and transfer to the
appropriate nodes. Finally, the output current (I,,) through transistor Mg is same as the input

current (Ij,).
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The aspect ratios of the transistors My-M7 are chosen as

Do = O @

(s

(e = D’ ©e = @, 51
Vop
|
Ln 4T, ¢
(e M e Me
= 1w
Vi 30T
Lin e
—» Lty ¢
1 *Iin"_Ib i ¢
IK M, il:Ml | l:l\-lg

Figure 5.1 Proposed low-voltage current mirror circuit

Using KCL at node 4, the current expression can be written as

Iout + Ib = Iin + Ib (52)
Now (5.2), reduces to

lout = Lin

(5.3)

Relation (5.3) proves the current mirror behavior. The transconductance parameters and
parasitic capacitances of the transistors are chosen as

8mo = 8m1) 8m2 = 8m3’ 8m4 = 8ms5) 8me = 8m7

CgsO = Cgsl; Cgsz = Cgs3; Cgs4 = CgsS; Cgsﬁ = Cgs7 (5.4)
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5.3 AC ANALYSIS OF THE PROPOSED CIRCUIT

In this section the AC analysis of the proposed current mirror circuit is presented. The AC
equivalent model of this circuit is shown in Figure 5.2

AN

-8MegVs3
g 1 <¢> -G <¢>-.‘:’m5\71 > S <¢>'.§‘m?\73
2
Yy 3

in Sy
— w2 () = 3 e

Vs

4 Vout

- out

ng\rout Y
— C = AN <PC5 —

oV ¢

]|
|

[m]
-
]

Figure 5.2 AC equivalent model of proposed low-voltage current mirror (Figure 5.1)

In this model, it is assumed that
C; = Cgsy + Cgsq; C, = Cgs, + Cgsz; C; = Cgs, + Cgss;
C4 = Cgsg + Cgs,; Cg = Cgsg (5.5)
where Cgsi (i = 0 to 8) is the gate to source capacitance of the i transistor.
From Figure 5.2, the output current I, is
lout = 8msVout (5.6)
where g5 1s the transconductance of the transistor Mg and V,,,;; is the output voltage.
Using KCL at nodes 1, 2, 3 and 4, different expressions can be written as follows
lin = 8maV1 = 8moV1 +sc3Vy + ¢4V (5.7)
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—8msV1 = 8m2V2 +sC; Vs (5.8)
—8me6Vs = 8m1V1 +5C4 V5 (5.9)
—8m7V3 = 8msVout T 8m3 V2 + sCsVout (5.10)

where g,,; (i = 0 to 8) is the transconductance of the i transistor and V;, V2, and V3 are the

voltages at nodes 1, 2 and 3, respectively.

After simplification (5.7), (5.8), (5.9) and (5.10) reduces to (5.11), (5.12), (5.13) and (5.14),

respectively as:

lin = Vi[gmo + s¢1 + 5C3 + gmal (5.11)
_ —8msV1
V2 = (scz2+8mz2) (5.12)
_ —Bm1Vi1
Vs = (sc4+8me) (5.13)
Vout (SCS + gmB) = _(gm3V2 + gm7v3) (5.14)

Substituting (5.12) and (5.13) in (5.14), the output voltage V¢ is

1 gm38msV1 gm18m7V1
Vot = ] 5.15
out (scs+gms) L(sca+gm2) (sc4+8ms) ( )

Using (5.15) in (5.6), the output current Iy is

8ms gm38msV1 gm18m7V1 (5 16)
(scs+gms) L(sca+gm2) (sc4+8me) '

lout =

Dividing (5.16) by (5.11), the current gain is

Tout — gms [Em18m7(SC2+8m2)+8m3E8ms (SC4+8me)]
lin (sc5+8ms)(sC1+5C3+8mo+8ma)(SC2+8m2) (SC4+8me)

The above relation can be written as:

gm1gm7( ) gmsgms( gm6)
loue _ __ Bmsl e ] 517
in " cterre (oo oo i) '

The transconductance parameters and parasitic capacitances of the transistors are chosen as

8mo = 8m1’ 8m2 = 8m3’ 8m4 = 8ms5) 8me = 8m7
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CgsO = Cgsl; CgsZ = Cgs3; Cgs4 = CgsS; Cgsﬁ = Cgs7 (5.13)

Using (5.18) in (5.17), (5.17) becomes

gmogmé6 (., 8m2), Em28m4 (., 8m6
Tout [ s+ f s+ ]

_ 8ms cs U ¢y c; U g

L, ( .gmz)( .gmé) ,8ms ( .gm0+gm4—)
in cs(cq+c3)( s+ c S+ ca s+ cs s+ c1tes

(5.19)

From (4.19), it can be seen that the transfer function exhibits a dominant pole (at s = %)
4

which decide the bandwidth of the proposed circuit.

5.4 LOW VOLTAGE CURRENT MIRROR CIRCUIT WITH ENHANCED BANDWIDTH

In this section low-voltage current mirror circuit with enhanced bandwidth is
described. The AC analysis also has been discussed.

5.4.1 CIRCUIT DESCRIPTION

The bandwidth of the proposed circuit has been improved by modifying the circuit as shown
in Figure 5.3. In this circuit, a resistance R is connected between drain and gate terminals of
the transistor My [16]. This circuit working is similar to first circuit. In this figure, the
resistance(R) connected between drain and gate terminals of the transistors M, create the
voltage difference between two terminals.

Voo

Im'l'h,*
I I
] [ e e
= | |05 = 1|07
o2 [n _—
I Y -+ 4
3 I 2{ (DS Im+l\,¢
P Lo ¢

Figure 5.3 Proposed low-voltage current mirror circuit with enhanced bandwidth.

5.4.2 AC ANALYSIS OF THE PROPOSED CIRCUIT WITH ENHANCED BANDWIDTH

In this section the AC analysis of the bandwidth enhanced proposed circuit has been

performed and the AC equivalent model of this circuit is shown in Figure 5.4
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Figure 5.4 AC equivalent model of enhanced bandwidth current mirror circuit (Figure 5.3).

In this AC equivalent model, it is assumed that
Co = Cgsg; C; = Cgsy; C, = Cgs, + Cgss;
C; = Cgs, + Cgss; C4 = Cgse + Cgs,; Cs; = Cgsg (5.20)
where Cgsi (i = 0 to 8) is the gate-to-source capacitance of the i transistor.
From Figure 5.4, the output current I is
Iout = 8msVout (5.21)
where g5 1S the transconductance of the transistor Mg and V¢ is the output voltage.

Using KCL at nodes 1, 2, 3, 4 and 5, different expression can be written as follows

Ly — EmaVy = EmoVo + SC3Vy + s¢,V, + 20 (5.22)
—8msVi = 8m2 Vo +sc,V, (5.23)

—8m6V3 = 8m1V1 + SC4 V3 (5.24)

—8m7V3 = 8msVout + 8m3V2 + sCsVour (5.25)
2 4 seoV = 0 (5.26)
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where g, (i = 0 to 8) is the transconductance of the i transistor. The Vo. Vi1, V2, and V3 are

the voltages at nodes 0, 1, 2 and 3, respectively.

After simplification (5.22), (5.23), (5.24), (5.25) and (5.26) reduces to (5.27), (5.28), (5.29),

(5.30) and (5.31), respectively as:

lin=V; [gm4 + % +scy + SC3] + Vo [ng - %]

- \%
Vz — 8ms5V1
(sc2+gm2)
- \%
V3 — gm1V1
(sc4+8me)
\%
VO - E
1+Rscy

Substituting (5.30) in (5.27), the input current [;,, is
1 ' 1
in=V; [gm4 tytsa+ Scs] + FZCO [ng - E]

With further calculation (5.31), may be written as

[ = V1[s?Rcg(c1+¢3)+S(RgmaCo+Co+C1+C3)+8mo+8mal
n (1+Rscy)

Using (5.28) and (5.29) in (5.25), the output voltage V,; is

1 8m38msV1 8m18m7V1
(scs+gms) L(sca+gm2) (sc4+8me)

Vout =

Substituting (5.33) in (5.21), the output current Iy 1S

Sms gm38msV1 gm18m7V1
(scs+gms) L(sca+gm2) (sc4+8me)

lout =
Divinding (5.34) by (5.32), the current gain is

IouT — gms [Em18m7(SC2+8m2) +8m38ms5(SCa+8me)]

X
IIN (scs+8ms)(sC2+8mz2)(sCs+8me)

(Rscp+1)
[s2Rcq(cy+c3)+S(RgmaCo+Co+Cy+C3)+Emo+Emal

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)
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The above relation can be written as:

gm1gm7 (

gm3gm5 ( gm6)]
s+Emé
Ioyr __ 8ms ) 4

Iin (S+gm2)( gmé )<S+gm8)(s+gm0+gm4)
c2 Cq Cs Cc1+c3

(S+R—c0)

co(1+gmaR)tcates | gm0+gm4]
(c1+c3) (c1+c3)

(5.36)

(c1+c3)[sz+o

The transconductance parameters and parasitic capacitances of the transistors are chosen as
8mo = 8m1; 8m2 = 8m3) 8m4 = Bms; 8me = Bm7
Cgso = Cgs1; Cgsz = Cgg3; Cgsa = Cgss; Cgs6 = Cgs7 (5.37)
Using (5.37) in (5.36), (5.36) becomes

Ems [gm%gme (S+gzn2)+gmzcgm4 (S+gm6)]
4

lout _ 2 2 C4
Iin (S+gm2)(S+gm6)(s+gm8)(s+gm0+gm4)
Cc2 Cya Cs c1+c3
(*reg)
Rcp
(citc )[Sz+oco(1+gm4R)+C1+C3 , 8Bmot8ma (5.38)
173 (c1+c3) (c1+c3)

From (5.38), it can be seen that the transfer function has two zeros and five poles. In (5.19),
the transfer function has one zero and four poles. Therefore, it is evident that the resistance R
connected between drain and gate of the transistor My introduces a zero and a pole in the
transfer function of Figure 5.3. This introduced zero cancels the dominant pole and therefore,
the bandwidth of the proposed circuit (Figure 5.1) is now enhanced. . The MOSFETS sizes in

term of channel width to length ratio are listed in Table 5.1.

In back end layout diagram these all MOSFET are drawn with multiple number of fingers to

reduce parasitic to get accurate post-layout simulation results.
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Table 5.1 MOSFET Sizes

MOSFET | W/L RATIO (um)
M, 44.8/2.0
M, 44.8/2.0
M, 1.8/0.9
M, 1.8/0.9
M, 5.3/0.9
Ms 5.3/0.9
M, 93.6/1.44
M, 93.6/1.44
Mg 16.38/0.9
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CHAPTER

SIMULATION RESULTS
AND LAYOUT

6.1 INTRODUCTION

The proposed circuit has been simulated using CADENCE design environment in
UMC 0.18 uym CMOS process technology. This chapter is organized as follows: The
simulation results of the proposed current mirror circuits are discussed in section 6.2. Section
6.3 presents the layout designing of proposed circuit. In section 6.4, post-layout simulation

results are discussed.

6.2 SIMULATION RESULTS

In this section simulation results of the proposed low-voltage current mirror circuit

without and with bandwidth enhancement resistance have been discussed.

6.2.1 DC CHARACTERISTICS

Figure 6.1 shows the current transfer characteristic of the proposed current mirror
circuit and plots the output current versus input current. In Figure 6.1, input and output
current is taken at horizontal and vertical axis, respectively. The input current is varied from 0
to 100uA. From the plot of Figure 6.1, it can be seen that the output current Igyt varies
linearly as input current Ijy. This type of response validates the effectiveness of the proposed

circuit.
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Figure 6.1 Current transfer characteristics of the proposed current mirror circuit

6.2.2 AC CHARCTERISTICS

Figure 6.2 shows the frequency response of the proposed circuits. In this figure
current gain and frequency is taken at vertical and horizontal axis, respectively. In the same
figure, frequency response of the proposed circuit with bandwidth enhancement resistance

(Ry = 3.7KQ) is also drawn. The bandwidths of the proposed circuits without and with

enhancement resistance are 60 MHz and 163 MHz, respectively.
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Figure 6.2 Frequency response of the proposed current mirror circuits.
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6.3 LAYOUT DESIGNING

In this section layout designing of the proposed low-voltage current mirror circuit have
been discussed.

The physical layout design of proposed current mirror circuit has been done in standard
UMC 0.18 um CMOS process technology. The Virtuoso layout editor tool by Cadence was
used for the design of physical layout structure. The extracted layout views of low-voltage
current mirror circuits without and with enhanced bandwidth are shown in the Figure 6.3 and
6.4, respectively. During post-layout simulation extracted layout views are need to be attached

with schematic circuits. Basic design rules are summarized below:

Metal 1 to metal 1 spacing 0.24 um
Minimum contact size 0.24 um*0.24 um
Poly to poly spacing 0.24 um
Poly to metal spacing 0.28/0.00 um
Contact overlap to p+ diffusion 0.10 um
Metal 1 width 0.24 um
Poly extension beyond active 0.22 um
Minimum contact spacing 0.26 um

N well overlap p+ diffusion 0.43 um

Diffusion contact to poly spacing 0.15 um

Minimum p+ implant overlap p+ diffusion 0.22 um

Poly width 0.18 um

Minimum poly extension on to field region 0.22 um

Minimum poly gate to field edge spacing 0.28 um
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Figure 6.3 Extracted layout view of the proposed current mirror circuit.
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Figure 6.4 Extracted layout view of the proposed current mirror circuit with bandwidth

enhancement resistance
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6.4 POST-LAYOUT SIMULATION RESULTS

In this section post-layout simulation results of the proposed low-voltage current

mirror circuit have been discussed.

6.4.1 DC CHARCTERISTICS

The post-layout current transfer characteristic of the proposed current mirror circuit is
shown in Figure 6.5. Output current (I,,) is varying linearly as input current I;;,. Pre-layout
and post-layout current transfer responses of the proposed current mirror circuits are same.

This type of response approves the effectiveness of proposed current mirror circuits.
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Figure 6.5 Post-layout current transfer characteristics of the proposed current mirror circuit.

6.4.2 AC CHARCTERISTICS

The post-layout AC response of the proposed current mirror circuit is shown in
Figure 6.6. The bandwidths of the proposed circuits without and with enhancement resistance
(Ry = 3.7KQ) are 60 MHz and 160 MHz, respectively. The percentage gain error (Iyyt\lin)

in simulation results and post-layout simulation results of the proposed circuit is 0.25%.

57 | Page



CHAPTER 6 SIMULATION RESULTS AND LAYOUT

1.25
i -:_- |
L= ——— 1
- ., I|I
o L
L 5'_ "| |
e 3 withoutR ——* ) |+— with R
= o L
5 ¥ \ I
L= |
: \ \
25- 11
: A\
- ‘1\'.
0
- 25— - - = - - - = - =
w* 1wl 10f 10* 10 e W w10 w0 10
freg(Hz)

Figure 6.6 Post-layout frequency responses of the proposed current mirror circuits

Table 6.1 shows the comparison of the proposed low-voltage current mirror circuit with other
current mirror circuits proposed in literature [2], [3] and [10]. It can be seen that proposed low-

voltage current mirror circuit has lower power supply voltage requirement as compared to the

current mirror circuits reported in [2], [3] and [10].

Table 6.1 Comparison of proposed low-voltage current mirror circuit with different current mirror

structure reported in [2], [3] an [10].

Circuit Name | Simulation | Input Current Supply Input Output Bandwidth
Technology Range Voltage | Impedance Impedance (BW)
(Iin) (Rin) (Rout)
Simple LVCM][2] 0.8 um 1-500pA +1.0V 650Q2 850 KQ 2 GHz
ABLVCM [3] 1.2 um 1-500pA +1.0V 1.8KQ 1 MQ 1.2 GHz
Low input impedance, | 0.18 um 1-100 uA 1.5V 5.8 mQ 407 KQ | 577MHz
Low power CM[10]
Proposed Low voltage | 0.18 pm 1-100 pA 1.3V NA NA 163MHz
current mirror
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CHAPTER

7 CONCLUSION AND FURTHER
DEVELOPMENT

7.1 CONCLUSION

In this thesis, a new low-voltage current mirror circuit operating at a supply voltage
of +1.3V is presented. The bandwidth of this circuit has been enhanced using resistive
compensation technique. The mathematical analysis of the frequency response has also been
presented. The simulation and layout results have been presented to demonstrate the

feasibility of the proposed current mirror circuit.

7.2 SUGGESTION FOR FURTHER DEVELOPMENT

The input impedance of the proposed circuit can be reduced by applying amplifier at
the gate terminal of the input transistor as described in section 3.7.

The output impedance of the proposed circuit can be improved by applying cascode,
self cascode stage at the output terminals. The output impedance also can be improved by
adding differential amplifier stage at the gate terminal of the output transistor with one

reference voltage source.
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APPENDIX A

(A) MODEL PARAMETERS FOR PMOS TRANSISTOR

model p_18 mm bsim3v3 type=p

* + mobmod=3.0000e+00 version=3.2000e+00 capmod=2.0000e+00
® + binunit=1.0000e+00 ngsmod=0.0000e+00

® +tox=4.2000e-09 + dtox_p_18 mm toxm=4.2000e-09
® +xj=1.0000e-07 nch=6.1310e+17 ngate=1.0000e+23

e +vthO=-4.5550e-01 + dvthO_p_ 18 mm k1=5.7040e-01

® +k2=6.9730e-03 k3=-2.8330e+00 k3b=1.3260e+00

e +w0=-1.9430e-07 nix=2.5300e-07 dvt0=4.8850e-01

e +dvtl=7.5780e-02 dvt2=1.2870e-01 dvtOw=-1.2610e-01
e +dvtlw=2.4790e+04 dvt2w=6.9150e-01 lint=-1.0410e-08
® +wint=-1.5250e-07 dwg=-1.1510e-07 dwb=-1.0390e-07
e +u0=1.1450e+02 + du0_p_18 mm ua=1.5400e-09

® +ub=2.6460e-19 uc=-9.5870e-02 vsat=5.3400e+04

e +30=1.3500e+00 ags=3.8180e-01 b0=-3.0880e-07

® +b1=0.0000e+00 keta=1.0440e-02 a1=0.0000e+00

® +32=1.0000e+00 voff=-1.0730e-01 nfactor=1.5350e-00

e +Cit=-1.0670e-03 cdsc=7.5780e-04 cdscd=-2.8830e-05
e + cdscb=1.0000e-04 eta0=1.0710e+00 etab=-9.2910e-01
+ dsub=1.9191e+00 pclm=2.6530e+00 pdiblc1=0.0000e+00

® + pdiblc2=5.0000e-06 pdiblcb=0.0000e+00 drout=1.4570e+00
® + pscbel=4.8660e+08 pscbe2=2.8000e-07 pvag=1.1620e+00
® +rdsw=7.9210e+02 prwg=0.0000e+00 prwb=0.0000e+00
® +alpha0=0.0000e+00 alphal=0.0000e+00 beta0=3.0000e+01
® +cgdo=2.0540e-10 + dcgdo_p_18 mm cgbo=0.0000e+00
®  +gso0=2.0540e-10 + dcgso_p_18 mm xpart=1.0000e+00
e +cf=1.5330e-10 dlc=5.6000e-08 cgsl=0.0000e+00

e +¢gdl=0.0000e+00 ckappa=6.0000e-01 clc=1.0000e-07

® +cle=6.0000e-01 dwc=0.0000e+00 vfbcv=-1.0000e+00

e +noff=1.0000e+00 voffcv=0.0000e+00 acde=1.0000e+00

® +moin=1.5000e+01 Imin=1.8000e-07 Imax=5.0000e-05

® +wmin=2.4000e-07 wmax=1.0000e-04

e +x|=-2.0000e-09 +dxl_p_18 mm

e +xw=0.0000e+00 + dxw_p 18 mm js=3.0000e-06
® +jsw=4.1200e-11 ¢j=1.1400e-03 + dcj_p_18 mm
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® 4+ mj=3.9500e-01 pb=7.6200e-01
® +cjsw=1.7400e-10 + dcjsw_p_18 mm
® +tnhom=2.5000e+01 ute=-4.4840e-01

. + kt1l=-8.2040e-09 kt2=-9.4870e-03

. + ub1=-6.0260e-18 ucl1=-9.8500e-02

. + prt=0.0000e+00 xti=3.0000e+00

. +lw=-2.8730e-16 [1=6.6350e-15

. +wIn=1.0000e+00 wwn=1.0000e+00

. +1In=1.0000e+00 Iwn=1.0000e+00

. + llc=-7.4500e-15 Iwc=0.0000e+00

. + wlc=0.0000e+00 wwc=0.0000e+00

. + Ivth0=4.4000e-03 + dIvth0_p_ 18 mm

. + wvthO= - 1.4800e-02 + dwvth0 _p 18 mm
° + pvth0=3.2000e-03 + dpvth0_p_18 mm

. + wrdsw=1.0070e+01 weta0=0.0000e+00
° + wpclm=0.0000e+00 wua=2.6300e-09
° + pua=5.8550e-11 wub=0.0000e+00

° + pub=0.0000e+00 wuc=0.0000e+00

° + puc=0.0000e+00 wvoff=-9.8160e-03
. + pvoff=-9.8330e-05 wa0=-4.8070e-02
° + pa0=8.6610e-02 wags=-4.1770e-02
° + pags=-4.0760e-02 wketa=0.0000e+00
° + pketa=0.0000e+00 wute=-2.6820e-01
° + pute=0.0000e+00 wvsat=-1.4200e+04
° + pvsat= - 4.3400e+02 + dpvsat_p_18_mm

° + cjswg=4.200e-10 + dcjgate_p_18 mm

° + wprt=2.1660e+02 n=1.0000e+00

° + cta=1.0000e-03 ctp=7.5300e-04

. + ptp=1.2400e-03 Idif=8.0000e-08

. +rd=0.0000e+00 rsc=0.0000e+00

. + hdif=2.6000e-07 rs=0.0000e+00

. + noimod=2

. + n0ic=2.61260020285845E-11 ef=1.1388

. +em=41000000

mjsw=3.2400e-01
kt1=-2.1940e-01

ual=4.5710e-09
at=1.2030e+04
ww=1.2360e-14

w|=0.0000e+00

ww|=0.0000e+00
Iwl=0.0000e+00
Iwlc=0.0000e+00
wwlc=0.0000e+00

Inlx=-1.5840e-08
wetab=0.0000e+00

lua=-8.1530e-11
lub=0.0000e+00
luc=0.0000e+00
Ivoff=-9.8710e-04
la0=-2.8100e-01
lags=4.4540e-02

Iketa=-1.2000e-02

lute=0.0000e+00

Ivsat=0.0000e+00
Ipdiblc2=3.0120e-03

wat=-6.4050e+03
pbsw=6.6500e-01
pta=1.5500e-03
rsh=8.0000e+00
rdc=0.0000e+00

noia=3.57456993317604E+18 noib=2500
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(B) MODEL PARAMETERS OF NMOS TRANSISTOR

e modeln_18 mm bsim3v3 type=n

® +capmod=2.0000e+00 ngsmod=0.0000e+00

® +tox=4.2000e-09 + dtox_n_18 mm toxm=4.2000e-09
® +xj=1.6000e-07 nch=3.7446e+17 rsh=8.0000e+00

® +ngate=1.0000e+23 vth0=3.0750e-01 + dvth0O_n_18 mm

e +k1=4.5780e-01 k2=-2.6380e-02 k3=-1.0880e+01

e +k3b=2.3790e-01 w0=-8.8130e-08 nix=4.2790e-07

e +dvt0=4.0420e-01 dvt1=3.2370e-01 dvt2=-8.6020e-01

e +1]int=1.5870e-08 wint=1.0220e-08 dwg=-3.3960e-09

e +dwb=1.3460e-09 u0=3.1410e+02 + du0_n_18 mm

® +ua=-9.2010e-10 ub=1.9070e-18 uc=4.3550e-11

® +ysat=7.1580e+04 a0=1.9300e+00 ags=5.0720e-01
* +b0=1.4860e-06 b1=9.0640e-06 keta=1.7520e-02
® +3al1=0.0000e+00 a2=1.0000e+00 voff=-1.0880e-01

e +nfactor=1.0380e+00 cit=-1.5110e-03 cdsc=2.1750e-03
e + cdscd=-5.0000e-04 cdscb=8.2410e-04 eta0=1.0040e-03
® +etab=-1.4590e-03 dsub=1.5920e-03 pcim=1.0910e+00

e +drout=1.5920e-03 pscbel1=4.8660e+08 pscbe2=2.8000e-07
® +pvag=-2.9580e-01 rdsw=4.9050e+00 prwg=0.0000e+00
* +prwb=0.0000e+00 wr=1.0000e+00 alpha0=0.0000e+00
¢ +alphal=0.0000e+00 beta0=3.0000e+01 xpart=1.0000e+00
®  +gs0=2.3500e-10 + dcgso_n_18 mm

¢ +cgdo=2.3500e-10 + dcgdo_n_18 mm cgbo=0.0000e+00
® +¢gsl=0.0000e+00 cgdl=0.0000e+00 ckappa=6.0000e-01

e +cf=1.5330e-10 clc=1.0000e-07 cle=6.0000e-01

e +dlc=2.9000e-08 dwc=0.0000e+00 vfbcv=-1.0000e+00

e +noff=1.0000e+00 voffcv=0.0000e+00 acde=1.0000e+00

® +moin=1.5000e+01 Imin=1.8000e-07 Imax=5.0000e-05

e +wmin=2.4000e-07 wmax=1.0000e-04
e +xl=-1.0500e-08 +dxl_n_18 mm

® +xw=0.0000e-00 + dxw_n_18 mm js=1.0000e-06

® +jsw=7.0000e-11 ¢j=1.0300e-03 + dcj_n_18 mm

e +mj=4.4300e-01 pb=8.1300e-01

® +cjsw=1.3400e-10 + dcjsw_n_18 mm mjsw=3.3000e-01

e +tnom=2.5000e+01 ute=-1.2860e+00 kt1=-2.2550e-01
e +ktll=-4.1750e-09 kt2=-2.5270e-02 ual=2.1530e-09
® +ubl=-2.6730e-18 ucl=-3.8320e-11 at=1.4490e+04

+ version=3.2000e+00 binunit=1.0000e+00 mobmod=1.0000e+00

+ dvtOw=3.8300e-01 dvtlw=6.0000e+05 dvt2w=-2.5000e-02

+ pdiblc1=3.0610e-03 pdiblc2=1.0000e-06 pdiblcb=0.0000e+00
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+ prt=-1.0180e+01
+ wln=1.0000e+00

+ wwI=0.0000e+00

+lw=2.9960e-15

+ llc=-2.1400e-15

+ wlc=0.0000e+00

+ IvthO= - 1.0000e-03
+ wvth0=6.027e-02 +
+ Inlx=-2.8540e-08

+ wua=-1.8800e-11

+ pub=3.8000e-20

+ weta0=0.0000e+00
+ letab=0.0000e+00
+ wpclm=0.0000e+00
+ pvoff=-3.7880e-04
+ pa0=-2.6490e-02

+ pags=0.0000e+00
+ pketa=0.0000e+00
+ pute=0.0000e+00

xti=3.0000e+00
ww=7.2620e-16

[I=-1.0620e-15
Iwn=1.0000e+00
Iwc=0.0000e+00
wwc=0.0000e+00
+dIlvth0_n_18 mm
dwvthO n 18 mm
wnlx=0.0000e+00

wI|=0.0000e+00
wwn=1.0000e+00
IIn=1.0000e+00

Iwl=0.0000e+00
Iwlc=0.0000e+00
wwlc=0.0000e+00

pvth0=0 + dpvthO_n_18 mm
pnlx=0.0000e+00

wu0=5.4000e-01 + dwu0_n_18 mm

pw0=1.3000e-09

wetab=0.0000e+00
peta0=0.0000e+00
wvoff=-4.0780e-04

wa0=-4.7310e-02
wags=4.2420e-03

wketa=0.0000e+00
wute=6.3730e-02
wvsat=5.0660e+03

+ pvsat=0.0000e+00 + dpvsat_n_18 mm

+ wat=7.0670e+03
+ hdif=2.6000e-07

wprt=0.0000e+00
n=1.0000e+00

+ cjswg=5.0000e-10 + dcjgate_n_18 mm

+ ptp=9.2400e-04
+ elm=5.0000e+00
+ noimod=2

+ em=41000000

cta=9.1900e-04
tlevc=1.0000e+00

wrdsw=0.0000e+00
leta0=1.5740e-03
petab=0.0000e+00
Ivoff=-4.2080e-03
[a0=-4.6670e-01
lags=3.0280e-01
Iketa=-1.9420e-02
lute=0.0000e+00
Ivsat=0.0000e+00
Ipdiblc2=-4.7520e-03
Idif=8.0000e-08
pbsw=8.8000e-01
ctp=9.1400e-04
pta=1.5800e-03

noia=1.3182567385564E+19 noib=144543.977074592
+noic=-1.24515794572817E-12 ef=0.92
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