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ABSTRACT

NOVEL CMOS CURRENT MIRRORS DESIGN
AND
THEIR APPLICATIONS

NOURI SABIH DAOUD

Current mirror is one of the basic circuits which is widely used in linear analog integrated
circuits as a building block. The efficient implementation of these circuits is, therefore, a mijor
concern in the VLSI technology. In addition to speed, two other factors are generally considered
in the VLSI design of a chip; the area of the chip and its power consumption. Consequently,
minimization of these parameters can be regarded as a design goal in the VLSI implementation of

current mirrors.

In this thesis some novel current mirror designs for VLSI MOS technology are presented.
Specifically we consider tweive different current mirrors (sinks & sources) with two fixed current
ratios; one current ratio which is greater than unity and the other one which is less than unity. Our
approach is to eliminate the mask misalignment effect and to reduce the required area for the
current mirror on the chip at the same time. The proposed technique is technology independent in

the sense that it can be applied for any VLSI technology of any size.

The operation of the current mirrors, presented in this thesis is discussed, and their different
parameters are evaluated by both analysis and simulation. The results represent the characteristics
of different structures of these current mirror circuits. In addition, this study establishes a
methodology for using the MOS transconductance (K) factor in designing a novel current mirror
with consequent reduction of the area. This method provides an idea of possible extension of this

design technique for industrial applications.



A statistical study of the output current errors caused by time independent random difference
in the parameters of the MOSFET devices, is also presented. The two most important time-
independent parameters, namely, transconductance and threshold voltage are selected for this
study. It shows that for the same gain and rﬁinimum required area, the percentage error in the output
current for the new current mirrors is 20% less than the ones in regular NMOS or PMOS current
mirrors.

A method of increasing the current gain of the new current mirrors by cascading them is
presented. A voltage control technique for the DC current ratio is also described. The effectiveness
of this technique in controlling the output current is verified by analysis and simulation.

Finally, an application of the novel current mirror circuit is considered in the design of an
Operational Transconductance Amplifier (OTA) circuit. A selected structure for an OTA which
has the advantage of using the new current mirror will result in a remarkable increase in the
transconductance value of the OTA. Different techniques for increasing the OTA transconductance
are discussed, showing the advantage of using the new current mirrors over the regular current

mirror in the OTA circuit from the point of view of chip area and power consumption.
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CHAPTER 1

INTRODUCTION

1.0. GENERAL

Metal oxide semiconductor (MOS) field effect transistor (FET) integrated circuit (IC)
technology has seen widespread application first in digital circuitry, which was more tolerant of
variations in device gains and device thresholds. Since the late 1970s, interest in using MOS
technology for analog circuits has been increasing rapidly. As circuits have advanced to higher
levels of integration, there has been a need to interface these integrated circuits directly with signals
from the external world which are primarily analog in nature. MOS processing has improved to the
appropriate level of consistency and uniformity such that IC analog circuit design with MOS has
become practical.

MOS analog circuits can be more dense than corresponding bipolar circuits. A MOS
operational amplifier (op. amp.) takes 100 to 200 mil2, which is one-third to one-half of the die area
of the equivalent in characteristics to bipolar version and consumes 1 to 10 mW as compared to
100mW in the bipolar version. With such small size and low power, use of 20 to 30 op. amps in a
single chip is not at all uncornmon. MOS circuits also have a unique ability to store charge on a
node for periods of several milliseconds. A high-input impedance MOS transistor can be used to

sense this charge nondestructively.

Bipolar transistors have higher transconductance, higher output drive capability and lower

noise. In terms of absolute performance, bipolars will therefore prevail in the foreseeable future.



18]

For example, there are few single MOS op. amps packaged for sale as off-the-shelf
components. However, the ability to realize digital and analog circuits on the sume large-
scale integration (LSI) technology has pushed MOS technology into the realm of linear
circuit design[1]. IC manufacturing has already become a more accurate and automated
technique in the past decade. Now analog MOS circuit design can be implemented
accurately by using very large scale integration (VLSI) technology.

1.1. MOSFET TRANSISTOR STRUCTURE

Figures 1.1aand 1.1bshow the basic structure of the MOSFET transistor. It basically
consists of a silicon substrate which is part of a silicon wafer on which the circuit is
fabricated. The wafer is a cut from a single crystal which has been lightly doped with N or
P type impurities during the crystal growth [2].

There are also two heavily diffused regions of opposite polarity from the substrate
called the source and the drain [3], and a metal or polysilicon gate which sits above a thin
layer of insulator (silicon dioxide) and lies between the drain and the source. There are
metal connections on the drain and the source which make the wiring with the other MOS
transistors on the chip (wafer) possible. The creation of the heavily doped arcas, the
insulating material film in some regions, the polysilicon gates on some specific arcas, and
the metal connections and wiring in some selected areas is done by a fabrication process
which is called “The Masking Process”[4] will be discussed more in sec. 1.3.2.

1.2. MOS DEVICE EQUATIONS

The MOS transistor is a voltage controlled device. The current passing from the drain
to source is controlled by the voltage applied between the gate and source of the MOS
transistor. It has three regions of operation depending on the V-/ characteristics of that

region.
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These regions are:
1. Cutoff region.
2. Linear region.
3. Saturation region.

The general equations for the MOS transistor which describe its behavior in the three

regions are:

ips=0 ves— Vyps0 cutoff (1.1a)

ips =B (vgs- V). vps- 0.5 (vpg)? 0 <vpg < vgs- Vo linear (1.1b)

ips = 0.5 B (vgs- Vp)? O<vgs-Vy<vpg saturation  (l.1¢)
where

ips is the drain-source current,
vgs is the gate to source voltage,
Vr is the device threshold voltage,
B is the MOS device gain factor.

The factor B depends on both the process parameters and the device geometry and it

is given by:

RS

p-HE
Lox
where [ is the effective surface mobility,
€ is the permittivity of the gate insulator,
tox is the thickness of the gate insulator (oxide),
W is the width of the gate,

L is the length of the gate.



The factor (L €/ 1,,) depends on the process technology and contains all the process
terms [4]. It is called the K factor. Because of the difference between the mobility of
electrons (in NMOS device) and the mobility of the holes (in PMOS device), we will label
the K as K, for the NMOS device and as K, for the PMOS device.

The value of K, is 40 x 107°A/ V2 and the value of K, is 12 x 10°5 A/ V2 {5} Their
values are fixed because of certain doping and masking processes. The gain factor of the

NMOS transistor is:
B, = K, (1.3)

and the gain factor of the PMOS transistor is:

14
B, =K, T (1.4)
The current ipg for the NMOS transistor in the saturation region will be:
. _Koow
'ps = Tn 7 Ugs— Via)? (1.5)

and the current igp for the PMOS transistor in the saturation region will be:

. _K,ow
lsp = 7,; o (Vsg - VTp)z (1.6)
where Vy,, = 0.7 volt for the NMOS transistor when the source to bulk voltage is

equal to zero volt and V', = 0.8 volt for the PMOS transistor under the same condition.

Eqn. (1.1c) assumes that the current ipg in the transistor channel is saturated and is
independent of the applied drain to source voltage, while in practice the drain current

increases slightly with the increase of drain to source voltage vpg.

A more accurate model that takes this behavior into account is represented by the

following equation:

o™=

ips = 5 (Vgs=Vp) 2 (I+vpg) (1.7)



where A is the empirical channel length modulation factor 4] having the value of

0.01 V! for NMOS transistor and 0.03 V"! for PMOS device [5].

1.3. MOSFET FABRICATION PROCESS

In this section we will present a brief explanation of the fabrication process of the
MOSFET transistor in steps and give an example of the fabrication of the CMOS inverter
to make the steps more clear. This will help us visualize where the main fabrication
problems are located to enable us to attempt minimizing the effect of these problems on the

circuits fabricated.

1.3.1. OXIDATION
Before the Masking process it is important to select the size of the lightly doped
silicon wafer and pass it through the oxidation process to create an insulating layer of

silicon dioxide (SiO»).

Oxidation of silicon is achieved by heating the silicon wafer in an oxidizing
atmosphere such as oxygen or water vapor [4]. It creates an insulating layer of $iO, on the
silicon wafer, and it consumes silicon because of this creation. The importance of oxidation
process is due to the fact that different structures and manufacturing techniques used to

make the MOS integrated circuits rely heavily on the properties of the silicon dioxide.

Itis important to select properly the size of a lightly doped wafer for oxidation before
the masking process. Since SiO, has approximately twice the volume of the silicon, the
silicon dioxide layer grows almost in both vertical directions. This effect is shown in Fig.
1.2 for an n-channel MOS device in which SiO, (field oxide) projects above and below the

unoxidized silicon surface[4].
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1.3.2. MASKING PROCESS

Masking is the process of applying a series of photo masks over a wafer that has
passed through the oxidation process. A photomasking is done by placing over the wafer a
square glass plate with a patterned emulsion or metal film on one side. Each mask following
the first must be carefully aligned to the previous pattemn on the wafer. Much of the

alignment equipment has traditionally involved manual operation of alignment.

With manual alignment equipment, the wafer is held on a vacuum chuck and

carefully moved into position below the mask using an adjustable x-y stage.

VLSI designs with minimum-size geometrical features measuring 1.25  pm
(minimum line width or space) require an alignment tolerance of better than £0.25 pum.
Computer-controlled alignment equipment has been developed to achieve this level of

alignment precision[6].

To get a clear idea about the masking process, we discuss the P-well process for a
CMOS inverter implementation. This process uses the N-type substrate (wafer) and it
creates the P-type well for the N-channel transistor, and builds the P-channel transistor in
the native N-substrate. Fig. 1.3 shows the major steps involved in a typical CMOS process.
The masks that are used in each process step are shown, in addition to a sample cross
section on the N and P transistors. Fig. 1.3, shows that the mask levels are not organized by

component function, rather they reflect the processing steps|4).

The masking processes are as follows:
(1) The first mask defines the P-well; the N-channel transistor will be fabricated in this
well. The field oxide is etched away to allow a deep diffusion, Fig. 1.3a.
(2) The second mask defines where thin oxide areas are needed to implement the transistor

gates and allow implantation of P or N-type diffusions for transistor source/drain regions,

Fig. 1.3b.



(3) Polysilicon gate is implemented by covering the surface with the polysilicon material
and etching the required pattern, Fig. 1.3c.

(4) A P-plus (P*) mask is then used to delineate those thin-oxide areas that are to be
implanted as P* diffusions. Hence a thin oxide area exposed by a P-plus mask will become
a P* diffusion area. If the P-plus area is in the N-substrate, then a P-channel transistor or a
P-type wire or ohmic contact will be constructed, Fig. 1.3d.

(5) This masking step usually uses the complement of the P-plus mask, although an extra
mask is normally not needed. The absence of a P-plus region over a thin-oxide area indicate
that the area will be an N* diffusion, Fig. 1.3e. The N diffusion in the N-substrate allows
an ohmic contact to be made. Following this step, the surface of the chip will be covered
with a layer of SiO,.

(6) This mask will define the contact cuts. This involves etching the SiO, down to the
contacted surface, Fig. 1.3f.

(7) Metallization is applied 1o allow metal to contact diffusion regions or polysilicon
regions and cover the surface. After that the etching of the metal will be done by another
mask, Fig. 1.3g.

After completing the masking steps, the wafer is passivated and openings to the bond
pads are etched to allow for wire bonding. Passivation protects the silicon surface against
the contaminants that can modify the circuit behavior in deleterious ways[4]. Fig. 1.3h
shows the whole masks of Fig. 1.3a to g one over the other sequencely. Only the P-plus two

masks are not shown to give a clear view for the masks underneath it.

1.4. CURRENT SQURCES AND CURRENT MIRRORS

Current sources are used extensively in MOS analog circuits, both as biasing
elements and as active loads to obtain a high ac voltage gain. MOS current sources are
current mirrors constructed by passing a reference current through a diode-connected (gate
tied to drain) MOSFET. The voltage developed across it is applied to the gate and the

source of a second MOSFET which provides the output current as shown in Fig. 1.4. To
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increase the output impedance of the current source, the channel length of transistor Q

should be large.

The WIL ratio of transistor 5 can be scaled up or down to make /) either larger or
smaller than . It is also possible, and in fact quite common, to have several current source
outputs by placing other devices in parallel with 05 as the Fig. 1.4 shows. All output
currents will scale up or down together if /p changes, such as from power supply or
temperature fluctuations. The use of current sources for biasing (to the extent that they are

ideal current sources) makes the circuit performances insensitive to such fluctuationsi1].

A single MOSFET also behaves like a current source because the channel current
stays almost steady with the variation of drain-to-source voltage. Further, it has a high

output impedance in the saturation region.

Any current inirror is either a current sink to current source converter or a current
source to current sink converter. The current mirror needs two basic things, a reference

current and a reference voltage.

1.4.1. REVIEW OF CURRENT MIRRORS

Current mirror is universally employed to generate a DC output current fiom a
constant current of reference source. To get a good idea about the current mirrors we

discuss the basic structure as illustrated in Fig. 1.5a.

The current mirror in Fig. 1.5a consists of two enhancement MOSFET’s, Q; & (7
having the same threshold voltage V o, but possibly different W/L ratios. Transistor Q; is
fed with the reference current /I from a current source, and the output current /) is taken

at the drain of transistor (J; which must be operated in the saturation (pinch-off) region.
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For 0, the instantaneous current equation can be written as:

where vgg is the instantaneous gate-to-source voltage corresponding to a drain

current of ig. Since the gate of Q; is connected to the gate of Q;, it will have the same vs.
The instantaneous output current equation for Q; is:
For simplicity the effect of the finite output resistance in eqn. (1.8) and eqn. (1.9) are

neglected.

Dividing eqn. (1.9) by eqn. (1.8) we obtain:

ioc B
072 (1.10)
ir B
Since the devices parameters are identical for both Q; and @, then:
i W,/L
022 (1.1
in  W/L,

Ideally iy will be a multiple of ip whose value is determined by the device geometry.
In practice, the value of ip will be multiplied by a certain factor which depend on the value
of vpg, because of the finite output impedance of the output transistor Q5. Fig. 1.5b shows
ip as a function of vg. This is simply the i - vpg characteristic curve for Q5 corresponding
to the value of v established by passing ig through the transistor Q; [7].

The current mirror structure has been well developed to stabilize the current over a
range of variable loads. This has been done by keeping the voltage vy of the output
transistor constant, or by increasing the output impedance of the current mirror. Different
circuits have been discussed such as Wilson, Modified Wilson, and Cascode current
mirrors in sink and source versions. The operation of all the circuits is based onegn. (1.11),

which is basically a geometrical ratio that increases with the area of the output MOSFET.
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1.5. MOS VLSI ANALOG CIRCUITS - PROBLEMS OF IMPLEMENTATION

Analog MOSFET circuits differ from digital circuits in their operating condition.
MOSFETs in analog circuits always operate in a saturation region with a constant DC drain

current required to stabilize the operating point voltage of the circuit.

The sources of mismatches between the current mirrors are (1) the threshold voltage,
(2) the channel length modulation and (3) the mask misalignment. The threshold voltage
and channel length modulation as a source of mismatch and the suggested solutions for this
problem are given in detail in sec. 2.5. The mask misalignment problem will be discussed
in the following paragraphs.

Since the drain current and the operating point voltage are functions of the MOSFET
size. Hence, any variation in the size due to the misalignment of the masks will cause a

change in both of the drain current and the operating point voltage at the same time.

Fixing both the drain current and the operating point voltage at the same time by
making exact alignment is a difficult task. It will produce more defective products in the
fabrication process, decreasing yield. Thus it is necessary to fix one variable, usually the
drain current, in order to make the mask alignment easier and to reduce the percentage of
defective products. Exact mask alignment is extremely difficult. A deviation of each mask
position by 20 to 30% of the minimum line width is usually expected [8]. Thus as more
masks are used, we will have an increasing number of faulty chips. Since this thesis is
mainly concerned with current mirrors, we shall consider now the alignment problem in
more detail for the current mirrors.

The current mirror circuit is mostly used to give an output current related to a given

reference current. Normally the value of the output current will be decided by the designer,

depending on the requirement of the circuit to be driven by the current mirror. Thus the
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output current value will be a certain ratio of the reference current, and this ratio is achieved
by fixing the ratio of the size of the two transistors Q; and Q5 in Fig. 1.5a. It is clear, in eqn.

(1.11) that the current ratio can be controlled by changing either (W) or (L) or both of them.

In order to minimize the chip area, minimum dimensions within bounds for both 0,
and Q5 transistors should be chosen to obtain the i / ig ratio as desired. Theoretically this
can be achieved, but problem arises in implementation, particularly in the masking process.

In fact, the major problem is due to the misalignment of the masks.

The misalignment of the masks affects analog circuits more than the digital circuits
because any change in the transistor size will disrupt the DC level of the circuit which will
disturb the operating point, affecting finally the AC operation. For simplicity, if it is

assumed that Q; and @y transistors have the same length (L), eqn. (1.11) becomes:
;L; = %’ (1.12)

where Wy and Wy, are the widths of 0, and Q,, respectively. As an example, let the

misalignment factor in the masking process be +0.25 um in the 1.2 um technology|6],

Wr=1.25 pm and Wy = 6.25 um for a current ratio of 5. Then the error in the current ratio

becomes:

lo _ 6.25%0.25
i 1252025

We observe that a misalignment in mask position of 20% of the minimum size

= 5+0.67

(1.2um), gives a variation of 13.4% in the desired current ratio. One solution to this
problem is to use a proper layout. The exact one-to-five ratio can be implemented by using
five duplicates of the transistor Q;. In this way, the tolerance on W, is simply multiplied

by the nominal current gain, assuming that AW is the same for all transis.ors i.e.,

ip 5% (1.25+0.25)
ip ~ 125%025
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The layout technique is shown in Fig. 1.6. This technique has some limitations, i.e.,
the current ratio has to be an integer number for minimum area, and it needs a larger area
than the previous technique. Further AW may not be the same for all the transistors.
However AW matching errors are small compared to the other error contributions. Usually
one does not try to scale the length because length tolerances are greater than width
tolerances, due to diffusions under the polysilicon gate[9]. As an example if the under
diffusion part tolerance is 5% of the gate length and the length is scaled down by 50% then
the tolerance will increase to 10%. Under the same condition of under diffusion part
tolerance of 5% if the gate length stay unchanged and gate width is doubled the percentage

error will not increase.

The other solution is to increase the area of both transistors (reference and output)
which makes the percentage errors smaller. As an example, we take the previous current
mirror with the same ratio and error but with different areas. Thus, assume Wp = 12.5 um

and Wy = 62.5 um then:

o 625+0.25

—_— e — " =54
i, = T25%025 ~ >+008

In this case the percentage error has been reduced from 13.4% to 1.6%. Thus we can
conclude that if we are seeking to achieve one advantage i.e, reducing the misalignment

effect, we will have to accept the disadvantage of increased area.

The problem can also be solved by maintaining the size of both transistors Q; and Q,
equal, or by using a more advanced manufacturing technology. For example, if the
misalignment error in previous example can be reduced from 20% to 10%, then the effect

on current ratio will be;

o 625+0.12

— =2 =54
ip 125%0.12 3+0.36
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From the previous discussion it can be concluded that an efficient way to solve the
misalignment problem is by making use of equal size transistors. In which case the current
gain should be achieved from another parameter in the drain current equation, eqn.(1.5) or

eqn. (1.6), rather than from the device geometries.

1.6. SCOPE OF THE THESIS

The purpose of this thesis is to present novel current mirror designs for efficient
implementation in VLS! MOS technology. In VLSI design of a chip, two principal factors
are generally considered, i.e., the area of the chip and the anticipated power consumption
of the chip. Consequently, we will consider the minimizations of the above two parameters

in the VLSI design of CMOS current mirrors.

In this thesis, we present twelve new current mirror circuits. They are classified into
eight types. First four types are available in both the sink and source versions. Four of these
current mirrors have gains greater than unity while the other four have gains less than unity.
The last four types realize a current mirror only in a source or sink version, both with a gain

greater than unity or less than unity.

This is done by taking an approach, that simultaneously eliminates the mask
misalignment effects and reduces the area of the current mirror. The design technique
presented in this thesis is applied to 3 um technology. This technique is technology
independent in the sense that it can be use with any present or future size (1.2 um, 0.8 pm

etc.) VLSI technology.

A control technique using the idea of current multiplication by cascading current
mirrors and sharing the input current by a control block is presented to give the advantage

in saving area.
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1.6.1. DESCRIPTION OF THE DIFFERENT CHAPTERS

In chapter 11, analyses of twelve novel current mirror circuits that make use of the (K)
factor to realize gains greater than or less than unity for the output current are given. The
inherent negative feedback in the network that is used to stabilize the current gain is
discussed. AC analyses for the output impedances of these circuits are given. A comparison
between the output impedances of these current mirrors is given. A statistical study for
these circuits is discussed to identify the percentage error that comes from the various
parameters of the MOSFET as given by the equation for the operation in saturation region.

A comparisor: of these errors with the conventional design is also given.

Chapter IIT describes a way of increasing the current gain. It also discusses a
technique for controlling this gain electronically. The control circuit for each of the twelve

DC current mirrors is analyzed.

An application of the new current mirrors in the design of an operational
transconductance amplifier (OTA) is considered in Chapter IV. The same OTA is also
designed using the conventional current mirrors. Performance comparisons between the

two designs demonstrate the desirability of using the new current mirrors.

Appendix (A) contains FORTRAN77 and HSPICE simulation programs for the
different designed circuits. HSPICE simulator is using the 3 micron process technology
parameters of the Canadian Microelectronics Corporation (C.M.C.). The results are used 10

check the accuracy and compare with the analyses done in the thesis.
Appendix (B) consists an analysis for the circuits used with the control unit described
in Chapter 3. This analysis gives a help in analyzing these selected controlled current

mirrors.
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CHAPTER 2

NEW CMOS CURRENT MIRRORS

20 INTRODUCTION

Itis observed in chapter 1 that an efficient solution for the misalignment problem in
current mirrors may be obtained through the use of equal siz¢ MOSFETs. This chapter
develops techniques to implement the above philosophy and suggests methods of achieving
a stable DC current gain greater than or less than unity. The equal size technique uses
MOSFETs in both reference and output sides of a current mirror (Fig. 2.1) with equal

dimensions i.e.:
Wr=Wgp
Lp=Lg
where W is the channel width and L is the channel length, R and O refer to the

reference and output MOSFETs, respectively. The basic current mirror shown in Fig.2.1

has a current ratio equation as follows:

; - 2
fg _ 5_0. ' (VGSO VTO) ' (1 + ;\ovDSo) (2 ])
ip Kr (vgsp-Vrr)? I+ Apvpgp)

The voltages vgs, and vggg are equal. Since A, and Ag are small factors (0.01 to
0.03)[5], the ratic (1+ Ao vpsp) / (1+Ag vpgp) will stay close to unity for vpgg << Ap’!

and vpep << Ap7L.
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Fig.2.1
Simple current mirror
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By examining eqn. (2.1), it is observed that a current gain can be achieved by
utilizing the K iactor, Kp / Kg. This is possible because one may use K, (NMOS
transconductance parameter) for K¢ and K, (PMOS transconductance parameter) for K or
vice versa. K, and K, are fabrication process parameters. The values of K, and K,
are 40 x 10'6—35 and 2 x 10'632- , respectively [S]. This implies that it is possible to get a
current gain without increasing the size (width) of the output transistor Q. By making both
QO and Oy transistors of equal sizes, an approximate current ratio equation can be written
as follows:

1. For current ratio greater than unity, the equation is:

Z=_1 (2.2)
in Kp (vsgr—Vrp)
2. For current ratio less tha unity, the equation is:
. 2
v -V
io % (sgo=Vry) 23)

™|

g n (VGSR_ VTn)z

Fig. 2.2a and Fig. 2.2b shows the block diagrams which indicate the above two

current mirror operations in both current sink and current source versions, respectively.

In this chapter, new current mirrors are designed utilizing the K-factor to obtain a
current gain, to minimize the area and to eliminate the effect of misalignment on the output
current. These current mirrors will cailed “New CMOS (NCMOS) current mirrors”. These

can be used in any analog circuit such as a difference amplifier or an inverting amplifier etc.

There are two main types of NCMOS current mirrors, the first one sinks the output
current while the second one sources the output current. Each type has two categories, one

gives a DC current gain greater than unity, and the other gives a DC current gain less than
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unity. The stabilization of the output current in each case is achieved by increasing the

output impedance by using negative feedback.

Twelve different NCMOS current mirror circuits are proposed which can be designed with
equal size MOSFETSs as suggested in this thesis. 1hese NCMOS current mirrors are as

follows:

(a) Type la (sink with K>1, Fig2.3) and Type Ib (source with K<1, Fig.2.4).

(b) Type 1la (sink with K<1, Fig2.5) and Type IIb (source with K>1, Fig.2.6).
(¢) Type Illa (sink with K<1, Fig2.7) and Type I11b (source with K>1, Fig.2.8).
(d) Type IVa (sink with K>1, Fig2.9) and Type IVb (source with K<1, Fig.2.10).
(e) Type V (sink with K>1, Fig2.11).

(f) Type VI (sink with K<1, Fig2.12).

(g) Type VII (source with K>1, Fig2.13),

(h) Type VIII (source with K<1, Fig2.14),

Each of the first four NCMOS current mirrors is available in both sink and source
versions, while the last four types are available only either in a sink or a source version. The
DC analysis has been carried out for all these circuits. However, to conserve space, detailed
analyses of only four circuits are presented in the next four sections. These circuits were
selecied because of there superior performances relative to the rest of the circuits. They are

as follows:

1- Type Ila (sink with K<1, Fig2.5).
2-Type IVb (source with K<1, Fig.2.10).
3- Type V (sink with K>1, Fig2.11).

4- Type 11b (source with K>1, Fig.2.8).
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Fig.2.3
Circuit diagram for Type Ia NCMOS current mirror, (sink version) withK > 1
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VDD

VSS

Fig. 2.4
Circuit diagram for Type Ib NCMOS current mirror, (source version) with K < 1
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Fig. 2.5

Circuit diagram for Type Ila NCMOS current mirror, (sink version) with K < 1
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Fig. 2.6
Circuit diagram for Type 11b NCMOS current mirror, (source version) with K > 1
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Fig. 2.7

Circuit diagram for Type 111a NCMOS current mirror, (sink version) with K < 1
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Fig. 2.8
Circuit diagram for Type IIIb NCMOS current mirror, (source version) with K > 1
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Fig. 2.9
Circuit diagram for Type IVa NCMOS current mirror, (sink version) with K > 1
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Fig. 2.10
Circuit diagram for Type IVb NCMOS current mirror, (source version) with K < 1
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Fig. 2.11
Circuit diagram for Type VNCMOS current mirror, (sink version) with K > 1
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Fig. 2.12
Circuit diagram for Type VI NCMOS current mirror, (sink version) with K < 1
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Fig.2.13
Circuit diagram for Type VII NCMOS current mirror, (source version) with K > 1
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Fig. 2.14
Circuit dingram for Type VIII NCMOS current mirror, (source version) withK < 1

37



RN

Tables and graphs showing current ratio stability of the twelve circuits are givcn'
The HSPICE software has also been used to simulate these NCMOS current mirrors and a

comparison between the analysis and simulation results are supplied in a graphical form,

Modifications are suggested to further improve the current ratio stability of these
NCMOS current mirrors. AC analyses have been done to calculate the output impedances
of the NCMOS current mirrors, and the final expressions are tabulated. A statistical study
is carried out to show the maximum percentage error in the current ratio which might take
place due to variation of the various process parameters. Finally, a twin-tub implementation
technique for implementing these NCMOS current mirrors has been discussed towards the

end of this chapter.

2.1 TYPE Ila NCMOS CURRENT MIRROR (SINK) WITHK < It

Based on simulation and analysis results, this circuit was selected as the best
NCMOS current mirror in the sink version with a current gain less than unity. Fig.2.5 shows
the circuit diagram. This circuit has a negative feedback which gives a more stable curient
gain during the load variation, because the drain-to-source voltage Vg, of transistor
will be limited by the sum of the voltages Vyg;o of transistor O and Vg3 of transistor (0.
The load is separated from the basic NCMOS current mirror structure (p and (0; by

transistor O3, which keeps the current gain almost constant and independent of the load

value.

Since I has a constant value, then it will develop a corresponding voliage Vg,

between the gate and source of transistor Q, and this voltage will also be impressed across

1. By the term “current ratio stability” is meant the degree of the constancy of the current ratio with
respect 1o variation in any parameter that may be of interest.
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the source and gate of transistor Q5. The output current/,, is pulled by Q5 depending on the

values of the voltage Vg2 and the transconductance K.
Assume transistors Q;, @, and Q3 are all operating in the saturation region.

For transistor QO

Ie = By Wesi=Vin)? s (1+2,Vpg)) (24)
For transistor Q9:
= . - 2, ’
For transistor Q3
' 2 ,
I, = By (WVeg3=Vy, )7 (142, Vpgs) (2.6)

Our approach uses equal size transistors with ratio W/ L =1, in order to minimize the
area. Hence:

KH Kp [\,n
B =~2—.[32= vand Py = —-.

! 2 2

Since the voltage Vgi;a = Vspa = Vgsy = Vg, and the drain to source voltage of
transistor Q is Vpgy = Vsgo + Viss

From egn. (2.5) and eqgn. (2.6) the voltage Vg3 will be, assuming A,Vpg3 << 1:

Vg = Ky Viga = V) +V
GSYT R Va2V +Vy,
n

The assumption A,V ps3 << 1 should hold over a large range of R; because of the
negative feedback employed in the circuit. This negative feedback is easily demonstrated
as follows. Let /, increase, for a constant /p, for any reason. Then Vgg, = Vgpy increases.
This leads to an increase in Vgg;. Since Ig is constant Vpg; has to decrease. Thus, Vg3
tends o decrease tending 1o oring down /,,. Consequently. increase of /, will be less than

its value in the absence of this negative feedback.

Thus the voltage Vpg; will be approximately constant and equal to:
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: . KeY o [Rp ..
‘DSl = “S(;z- I+ T{; _‘ 1'p' F+‘IH 2.7)
n

From eqn. (2.4) and eqn. (2.7), the reference current can be written as:

I —K"-(V VRN I PO (VRN PO il VIR o7 Y 2.8
R™ 72 R Tn) n{ R K—n Tp® '1?;+ Tn (2.8)

Substituting the values of B5, Vsg2 and Vgpa, the output current becomes:

K

= _r. -1 )2.
Iy =5 (Vg=Vp,) (l+xpvR‘, (2.9)

The current ratio can be derived from dividing eqn. (2.9) by eqn. (2.8) in the

following form:

! K~ (Vp=vy )2 (1+ A Vp)
= _P. Ip S - p (2.10)

K AVREY:
n (Ve=Vy,) K K
y o I DT A T T
T+ (Vo |1+ K Vi Kp+\.l."

It is clear in eqn. (2.10) that the current ratio I, / 1 is approximately a function of

Sy
2:]6

only one variable, Vp, and is thus relatively independent of the value of the load R, and the

output voltage V,, as long as @y, O, and Q3 operate in the saturation region.

22 TYPE IV NCMOS CURRENT MIRROR (SOURCE) WI'TH K<1:

This circuit was selected, according to simulation and analysis results, because of its
superior current ratio stability compared to the other NCMOS current mirrors in source
versions with a current gain less than unity. This is attributed to the fact that the four
MOSFET transistors shown in Fig.2.10 utilize again a negative feedback loop. Further,
each current branch has the same type of MOSFET transistors which leads to a simpler

current ratio form.

The other advantage of this circuit is its higher output impedance because none of the

two output transistors are connected as a two terminal MOSFET. This will keep them away
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from the boundary region (between the triode and saturation regions), as will be shown later

in the AC analysis of the output impedance.

Assuming all the transistors are saturated,

For transistor Q;:
Ip =By Wesy = V)2 U+AVpa) s Vpsi =Ves (2.11)
For transistor Qg

In = By Woga=Vy)? (T+XVps)s  Vpsa=Vosy (2.12)

ly =By (Vgga— V'/',,)z' (1+ 7\,,"302) (2.13)
For transistor Q3:
— ’ ; 2 .
ly =By (Vg3 '1‘,)) (1+ )‘I)VSD:;) (2.19)

Since the ratio W/ L for the four transistors is equal to unity:

, K K
By = By = 2 By = =2 and B, =

Fromegn. (2.11) and eqn. (2.12), we have:

Visi= Vess = Vpsy = Vg, where Vp is the reference voltage. Now eqn. (2.11) can

be written as;

KII

IR = 5 (VR—V.I.”)Z- (142, Vp) (2.15)

From the circuit diagram of Fig.2.10. it is clear that the voltage Vspo will be:
Vspa = 2V =V (2.16)
Combining both eqn. (2.13) and eqn. (2.14) we will get, assuming kaSD 7 << land

A[)"SD.? << 1.



42

Vega = Vsga (2.17)
The assumption 7\,,\’ spx<<land ;"[)VSD3 << I are reasonable in view of the negative
feedback loop among Q; through Q4. The negative feedbuck action arises in this case as
follows. As long as I is held constant, Vgg) = V 52 = Vg remains constant. If for any
reason /, tends to increase, Vgpj has to increase. Since Vgpa + V 53 = 2V, this makes

Vsi3 tends to decrease. Consequently, increase of /, will be less than its value in the

absence of this negative feedbuck.
The last two equations (2.16) and (2.17) along with Vg = Vg = Vi, will imply:

— o) }

sp2 = Vi (2.18)
Equation (2.2.8) shows that the drain-to-source voltage of transistor Q » is held
constant. This will keep the output current constant with different load values since the

reference current is fixed. The output current can therefore, be writien in terms of the

reference voltage as follows:

K
I 2 2 ¢
ly= = (Vg=Vp,) % (’“\,,"R) (2.19)
Dividing eqn. (2.19) by eqn. (2.15), will give the following current ratio
2
1_0 _ Iil_) (Vg =Vy,) | (l+7\pVR)
IR Kn (Vle_v'l'n)z (l+}~nVR)

The current ratio in eqn. (2.20) is a function of only one variable which is Vg, Thus

(2.20)

if the voltage Vp stays constant then the current ratio will also stay constant. This condition

is, however, only true when all transistors are in the saturation region.

2.3 TYPE V NCMOS CURRENT MIRROR (SINK) WITHK > 1:
Fig.2.11 shows the best NCMOS current mirror in a sink version with a current gain
greater than unity. This circuit is the best in its group because of its high current ratio

stability. The voltage Vpgs of the output transistor Q5 is stabilized by adding transistor Q.
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A scparation between the output voltage and the voltage Vpg, is provided through
transistor (3, which will also give a negative feedback to the reference side transistor Qy,
to keep the /, stable whenever there is a variation in the output voltage due to load variation.
Let all transistors be in the saturation region, Q; and Qg4 carry the same reference
current, while Q7 and Q3 carry the same output current.
For transistor Qy:
= . - 2.
Ip = By Wy = Vi) = (42 Vep)) (2.21)
For transistor Qy:
= . - 2,
Ip =By Wiga=Ve) o U+R Vig,) (2.22)
For transistor Q.
= . - 2.
1, = By (Vosa= Vi) 2 (144 Vo) (2.23)
For transistor Q 3:
= (Vo= )2,
ly =By (Vg3 = Vi) o (142 Vpoy) (2.24)

Since all the MOSFETS used are the same size, then the values of B will be as
follows:

K K K K
_ p — n -
b=5b=7

Because /,, is common for Qrand Q3 then:
Vs = Viasa = Vg assuming A,Vpgr << 1 and A,Vpg3 << 1.
This is reasonable since there is a negative feedback action which keeps 7, constant
as long as /g constant. It works as follows. As long as I is held constant, Vgsy = Vg, is

held constant. Thus, if for any reason, /, tends to increase, the voltage Vs, has to decrease.

Thus, Vigsz = Vpsy + Vs - Vpsa decreases tending to keep 7, constant.

This will gi\'c: VDSJ = \’(;54 + ‘ISGI
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Let Vs; = Vg Combining eqn. (2.21) with eqn. (2.22) will results:
. - 2, - (v -1 )2, . ,
K, (Vg va) (1 +ApvR) =Kyt (Vasa= V)T T+ (Ve+Viae))  (2.25)

Since Vggy and Vg are both limited and constant in values, it is possible to

approximate eqn. (2.25) to:
. 2 - p . 2
Kp (VR V'I'p) =K, (VGS4 VTn)

The value of V554 can thus be written as:
<
Vigs = Ajk_,, (Vp=Vp,) +Vy, (2.26)

Because the voltage Vper = Vi + Viagy, we have,
a% Y DS2 R GS4

K K
7 =V . B T I I 4 ; )
Vpsa = Vg (l'ﬂh(n) ("l‘p Aff(n)J"'l'n (2.27)

Solving eqn. (2.27) and eqn. (2.23) will give for the output current 1,

K ,K K
=1y - 2, . L . L 29
I, 3 (Ve =Vy) (/ +A (vR (1 + K,,J Ve, K +v.,nJJ (2.28)

The reference current can be written in terms of the reference voltage Vg as follows:

K
- P, _ 2.
Ip = 5 (Ve V'/‘p) (1+xl,l'R) (2.29)

Dividing eqn. (2.28) by eqn. (2.29) will give a current ratio as shown below:
1

R I )
_ 2 +\. * + - - o-)' — 4+ V.
_ K (Ve=Vy,) . n| R K, T NK = ln (2.30)

K
0 n
’ 2
Ip Kp (VR-_‘/'I'p) (I+XI)V,\,)

It is clear from eqn. (2.30) that the current ratio is a furction of only one volage
V. Thus when the reference voltage Vg stays constant the current ratio will stay constant

independent of the load, as long as all the transistors stay in the saturation region,



45

24 TYPE IHIh NCMOS CURRENT MIRROR (SOURCE) WITHK > 1:

This NCMOS current mirror was selected as the best source version with a gain
greater than unity based on the analysis and simulation results. It consist of four MOSFETs
connected as shown in Fig.2.8. To stabilize the gain, the PMOS transistor Q4 was added in
series with the reference side transistor Qy, to reduce the value of Vgpy; and bring it closer

to the voltage Vg,
Since 5 is an NMOS transistor and Q3 is a PMOS transistors and they have the same
drain current, then the voltage Vi3 will have a value greater than voltage Viggp, so that

transistor 3 will be able to hold the output current /, through its channel. This means that
K

n

the value of the voltage V will be around V.4, and the ratio /, / I swill be held
5 SD1 K $G1 o' IR
P

steady for the designed range of R, that keeps Q3 transistor in the saturation region.
Assuming all transistors saturated, the drain currents of the four MOSFETSs shown in

Fig.2.8. will be as follows:
For transistor Qy:

e = By Mg = V)% (7+2 Vp) (2.31)

Ip = By Vgga=Vp) % (1+2 Vepy) (2.32)

I, = By (Vgga=Vy,) 2 (1424 Vpgy) (2.33)
For transistor Q3:

1, = By (Vggy=Vp,) 2 (14 A,Vsp3) (2.34)
The ratio W/L for these MOSFETS transistors is equal to unity, then the B factor will

be equal to one half the transconductance factor (K) i.e.:
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K K K X
= _P - _n - _P = _P
Pr==2:B= 7.By= 7 andf, =

Since the voltage V5,

Vps2 = Vsgi = Vg, we have:
Vspr = Vsg1 + VsGa - Vsga (2.35)
This means that the voltage Vsp, is limited to a value which is less than the sum of
the gate-source voltages of the other two transistors in the output side. Since the value of
the output current is higher than the value of the reference current, this means that the
voltage Vg4 is less than the voltage Vgg3. Hence, the value of the voltage Vpyy will not be

less than the value of the voltage V). Because the transistors Qand Qg have the same

channel current then, the voltage v .. = v

sG1 = Vsgq THUS Ve =V

<3 Henee Vg > 0and the
transistor 0 ;will always stay in the saturation region. From eqn. (2.33) and egn. (2.34), the

source to drain voltage of transistor Q; can be written as follows:

K
= -V Y. /_"
Vsp1 E (VGS2 Vi) Kp + V'l‘p (2.30)

This assumes A, Vper << | and 7\,)"SD3 << | which is justified by the stability action
of the negative feedback on 7, with respect to load variations. The negative feedback action
in this case occurs as follows. If, for any reason, /,, increases, Vgo =V increases. Since
VsGa remains constant as long as I is kept constant, Vgpy) has to decrease. This of course

leads 10 a decrease of V3. Hence increase of /1, will be less than its value in the absence

of this negative feedback.

Letting now V60 = Vp and solving eqn. (2.31) and eqn. (2.36) will give the reference
g GS2= VR geq g

current as a function of the single variable Vp as follows:

K K
- _P 2 -V . n
R= 5 Vp=vy)? (1+Ap((vk Vi) /,7,;+V',-,,JJ (2.37)

The output currentin eqn. (2.33) can be written in terms of K, and Vj, by substituting

the values of 3, V52 and V¢ as shown below:
K

n

- 2
I, =5 (Vp=vy 0% (1+2 Vp) (2.38)



Table 2.1: Current ratio for the different NCMOS current mirrors
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CNI?/IMt?[?c Current Ratio Equations

szp: {“ I, K, (Vp=Vg)2 (142 V,0)
Sink ko Ky (Vg=Vp)? (+AV)

Source e Ko (Vp-Vp? (1+2Vp)
Io ~ K/: (VI\’ - V'Ip) 2 (+ ;LPVR)

Type 1a Iy Ky vy-vy)? Kp Ky

[S<<l (l+7&n(VR(l+ K—n)—VTp K—n+1/rn))
ink
I, K, (Vg=Vy)? (1+2,Vp)

T)’pC I1b 7; B K,; (VR‘VTP)Z. Kn Kll

S (BACABN R L)
ource

o Ky (V)2 (1+2,Ve)

Iype 11a e Ko (Vp-vy)2 Ky
AR )
Sink "

i,, Kn ("R - VT") 2 (1+ A'AVR)
Type 1Hb -k '
4

K>1
Source

(Vg=V,)? ,
A, (Ve=Vr) 25 +V,
P




NCMOS

Current Ratio Equations

C.M. type
Type 1Va I, K, (Vg=V3)? (1+AVy)
K>1 Iy K, (pvp)? AV
Sink
Type IVDb L, K, (Vg=Vi,)? (1+RVp
K<l IR Kn (VR_ v1n)2 (14 knvk)
Source
Ny %
Type V I, K, (Vg-V,)? (’*An("n(“ K-“J""/,. Fnl"))
I;;zkl I Ky (Vg=vy)2 (1A V)
Type VI L _ K, (Vg-V,)? (1+20 V)
K<l Iy K, (Ve=Vy,) ’ ( 4 Kp P Kp ’
Sink (e foie i) fio )
I, K, (Vg=Vy)? (1424 V)
Type VII L } N
)}Ig> 1 [R A” (vﬂ‘—v'lp)2 l\'n K"
PR Vel E‘J‘Vh % Vi )
Source » »
o oy
Type VIII I, K, (Ve-V,)? (1 + ;‘,,(VR 1+ F;J" v,, K 4 V’/'J)
K<l He K, . (142 Vy)

Sink

(VR— v'fn)z
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Dividing eqn.(2.38) by eqn.(2.37), gives the current ratio as follows:
2
1, K, (Vp=Vv.) (1+2 Vp)

/ K "(v.—v. 2
R P ("R l.l.) K
» n
! }‘p (VR Tn) Kp VTP

The expressions for the current ratios of all the NCMOS current mirrors are

(2.39)

summarized in Table 2.1, when we consider a constant value for the current /5.

The characteristics curves (current gain versus reference current) of the twelve
NCMOS current mirrors listed in Table 2.1, as obtained from analysis, are shown in
Fig.2.15 and Fig.2.16. The HSPICE simulation, using the CMOS3 DLM model, shows
similar characteristics curves in Fig.2.17 and Fig.2.18. These curves indicate that the DC
current gain has a functional dependence on the reference current, even though it is a
function of a single variable Vg, They are nonlinear at low level reference current because
of the low value of voltage Vg and the affect of A factor. This non-linearity will cause
instability in output current. To get the output current be more stable and linear the

following improvement suggested to be done.

2.5 PERFORMANCE IMPROVEMENT POSSIBILITIES

Il the NCMOS current mirror needs to be more stable, it is necessary to eliminate the
square term from the numerator and the denominator of each current ratio equation. This
can be obtained by ensuring that the threshold voltages of both PMOS and NMOS
transistors are equal. This can achieved through special manufacturing processes. Two
common techniques for the adjustment of the threshold voltage are available; by varying
the doping concentration at the silicon insulator interface through ion implantation, or by

using different insulating material for the gate [4].
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If the threshold voltages can be made equal, as suggested above, the curves in
Fig.2.15 and Fig.2.16 will be more flat, and their starting points will be closer to the unity
value, as shown in Fig.2.19 and Fig.2.20. This means that current ratios become more stable

with respect to the reference current variations.

Another modification is also possible by using the new (1.2 pm) technology where
the A factor can be made equal to zero[4]. This means that the current gain equation for

NCMOS current mirrors with a gain greater than unity, will be:

a
’_0 _ Kn. (Ve=V;,)
IR K[) (VR_V'Ip)z

The corresponding current gain equation for NCMOS current mirrors with a gain less

(2.40)

than unity will be:

4 -1 2
Iu _ Kp (‘R "Ip)

e : (2.41)
Ip Ky ("R - v'l'n) 2

Fig.2.21 shows two curves (curve 1 and curve 2) for the above two types of NCMOS
current mirrors which specify the current gain as a function of the reference current. If both

modification are used, then eqn. (2.40) will be:

i(f = & (2.424)
Ip Kp

And eqn. (2.41) becomes:
12 = f’—' (2.42h)
IR Kn

The two previous equations show that with such modifications the current gain will
be fixed by the values K, /K, or K, /Kpdepending on the model used, even if there is a
variation in the reference voltage Vi or the output voltage. The curves of current gain
variation with the reference current shown in Fig.2.19 and Fig.2.20 will change 0 straight
horizontal line, at two constant levels for all NCMOS current mirrors as shown in Fig.2.22

(curve 3). Finally, Fig. 2.23 10 Fig. 2.34 compare the analysis and HSPICE simulation
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(CMOS3 DLM, level3) results. The slight difference between the analysis and HSPICE
simulation results are due to the difference between the MOSFET models used in both of

them.

2.6 OUTPUT IMPEDANCE ANALYSIS

The output impedance of a current mirror should be high, as it is supposed to behave
as a current source. In this section the small signal analysis of the output impedance for the
NCMOS current mirrors is carried out. These NCMOS current mirrors are classificd
according to their output circuit configuration. A table for the final formulae of output

impedance of the NCMOS current mirrors is also provided.

2.6.1 TYPE Ia NCMOS CURRENT MIRROR (SINK)

Referring to Fig.2.35, which shows the connections required for output impedance

measurement and the small signal equivalent circuit, the value of r,,, will be:
Fow = Vil 1, = 1, (2.43)
where r,7 is the equivalent output impedance of transistor 0, at ity operating point
(Q), in the (vpg - ip) characteristics shown in Fig.2.37, and it is equal to the inverse of the
slope of the curve where the operating point (@) is located. This output impedance will vary
slightly when the output voltage changes according to load variation, but it will stay at the

high value range as long as the operating point stays away from the active region.

2.6.2 TYPE Ib NCMOS CURRENT MIRROR (SOURCE):
Fig.2.36 shows both the connections required for output impedance measurements
and its small signal equivalent “ircuit. Eqn. (2.43) will also define the output impedance

(r,.) of this current mirror.
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Normally, this current mirror has lower output impedance, because the leakage
current between the drain and the source of the output PMOS transistor of this circuit is
higher than the leakage current of the NMOS output transistor in the previous circuit. This
is under the assumption that these MOSFETs have the same size. This (r,) value will also
depend on the operating point location, or in other words it depends on the value of the load

driven by the current mirror circuit.

2.6.3 TYPEJI AND 11l NCMOS CURRENT MIRROR (SINK & SOURCE):
Type II and 1II NCMOS current mirrors has the same output circuit MOS
connections, as shown in Fig.2.38a, which means that they will have the same small signal

output impedance circuit representation.
Since transistor Q5 is connected as an active load, then its output impedance will be:

Foa= (2.44)
2 8m2

The small signal equivalent circuit for the output impedance is shown in Fig.2.38b.

The output impedance can be shown to be:

1 gm3
r0“‘=r03+_+—'r03 (2.45)
gm2 gm2
Or it can be written as follows: ~
1 3 )
r = —+ | =41 r (2.46)
out Em2 (gm2 03

The sink version of these NCMOS current mirrors have the transistor 0, as a PMOS
device, which will increase the output impedance of those sinks slightly because the lower

mobility of the holes i.e. it has lower g,,,.

The source version will follow the same analysis and the output impedance will have

the same formula.
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2.6.4.TYPE1V,V, VI, VIl AND VIII NCMOS CURRENT MIRRORS:

The output impedance of these circuits follow the same analysis, thus only one
circuit is going to be analyzed for the small signal output impedance. Type IV NCMOS
current mirror, sink version has been selected for this analysis. The equivalent circuit for
the output impedance of this current mirror is obtained by replacing transistors Q 2and Q3

by their equivalent small signal model, and their gates are connected to the ground|7], as

shown in Fig.2.27.
We have:
vX
Your = 'l-';'
From Fig.2.39b, we get:
Vy = [x "To2 + i3 "l (2-47)

Since: iy =i - iy then the value of v, will be equal to:

Ve =yttt (ip—i3) 1 5 (2.48)

We observe that:
I3 = Vo3 83 (2.49)

From Fig. 2.39b:
Ves3 = Tyt Ty (2.50)

Substituting eqn. (2.49) and eqn. (2.50) into eqn. (2.48) will give:
Ve =y (rgtr,s) i Fo2 To3 Em3 (2.51)

Dividing (v,) by (i,) gives r,,, as shown below:

\%
roul === (r02+ro3) +ro2'ra3'gm’5 (2'52)
x

>

-—
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(a) Connection required for output impedance measurements
of Type I1 and HII NCMOS current mirrors. (b) small signal equivalent circuit
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Fig.2.39

(2) Connection required for output impedance measurements
of Type IV, V, VI, VIl and VIII NCMOS current mirrors. (b) small signal equivalent circuit
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Eqn. (2.52) shows that the value of r,,, is higher than the output impedance of first
six NCMOS current mirrors given in sec.2.6.1, sec.2.6.2 and sec.2.6.3. The output
impedance of the NCMOS current mirrors with K factor less than unity is higher than the
one with K greater than unity, because of lower mobility of holes in the PMOS device at

the output stage. The source version of type IV NCMOS current mirror will follow the same

previous analysis for its output impedance.

The last four types of NCMOS current mirrors circuits will also follow the same
small signal output impedance analysis of type IV NCMOS current mirror, because none
of these circuits have MOSFET transistor in output branch connected as an active load.
This means that eqn. (2.52) is valid for output impedance representation for the four types
of NCMOS current mirrors, as it is shown in Table 2.2. The results of the output impedance

analyses for all the current mirrors are given in Table 2.2.

Table 2.2: Output impedance formulas for different NCMOS current mirrors

C.M type Output Impedance formulas
Iaand Ib Tout = To2
IIa, i,
g 1 En3
1Ma and 1Ib . =_+(,+ -).,
out &2 Em2 03

IVa, IVb, V, e
VI, VII and VIII Tour = 702 03T 8m3 702 703

A good current mirror should have the following properties.
a. Stable output current for a wide range of load variation.

b. High output impedance.
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¢. Minimum output offset voltage.
d. Minimum number of transistors.

The output offset voltage is defined as the lowest voltage across the output stage of
a current mirror for which it still behaves as a current mirror. For an ideal current mirror,
this voltage should be zero. The minitmum output voltage formulas of the NCMOS current
mirror are given in Table (2.3). Other relevant properties are also listed in this Table. A
comparison between different NCMOS current mirror properties shown in this Table leads
to following conclusions:
1. Type IVa (sink with K'= 3.34): highest output impedance group, fair current regulation,

low output offset voltage and two additional transistors compared to the simplest versions.
2. Type VI (sink with K= 0.3): highest output impedance group, low current regulation, fair
output offset voltage. The price paid is two additional transistors compared to the simplest
versions.

3. Type VII (source with K=3.34): highest output impedance group, low current

regulation, fair output offset voltage and two additional transistors.
4. Type 1Vb (source with K=0.3): highest output impedance group, fair current regulation,
low output offset voltage and two additional transistors.

The selection of « NCMOS current mirror circuit will depend mainly on the required
output impedance and the current regulation. For any specific design a suitable one can be

selected from Table 2.3.



Table 2.3: Properties of the different NCMOS current mirrors.

M imoed minimum output ¢ K ‘1 - AI"I x N(’Of
M. type output impedance offset voltage actor Rlmay | transis
ratio tors
100%
Type la
Sink, K>1 To2 Ve=Vo, 3.34 30% 2
Type Ib
Source, K<1 To2 Ve=Vy, 0.3 0% 2
Type Ila ) € 7 =
. — 1+2221. ,
Sink, K<l 8mz+( +8mz) o2 VR'(” K{)"‘TP'J:T: 0.3 219% 3
Type IIb 1 ( gms) ( "',,) K,
— i+ — 7 % 1+ [ [=V, -

Source, K>1 8m2 8ma) 2 k K,) 71" oK, 3.34 139 3
Type 1lla g—]-+(1+%)-ro3 V"'(Hx/?)_v""ﬁ 4
Sink, K<1 i m " “1 03 19%

2 + (l + g—"‘-’) [ K K
Type b | 5 M) ™ Ny (10 ), [ 4
Source, K>1 p Pl 334 18%
Type 1Va 4
1 ra +ro +8m.ro 'I’a _
Sink, K>1 277037 8m3 To2" T o3 -2V, 3.34 19%
Type IVb
. T02* T03% 8m3 To2" 703 2V, -2V 4

Source, K<1 k™ 4V, 03 199,

Type V +rat g Al o ) ( JFP)- . JR; 4
Sink, K>1 | 7 @ Emer o W (2 g J- Ve /| 5 a4 21%
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minimum output K ll- e No.of
' ¢ k-1 nsis
output impedance offset voltage fact.or Rlmax | trans
ratio tors
100%
v (2 K”) 4 J?P
FortTos+ 8y Tz rey | F VO ANK,) TP YR, 03 16% 4
K’l
Vet |z Ve=Vr,)
P
Type VII T02% 703+ 8m3 102" 103 4
Source, K>1 ’ +aVe | 0.3 16%
1+21PVR
Source, K<1 P r| 334

2.7 STATISTICAL STUDY OF PARAMETER MISMATCH EFFECT ON OUTPUT CURRENT.

2.7.0 INTRODUCTION

A statistical model is proposed in this section to study the random errors in the output
current due to the mismatch between two presumably similar MOS elements. This
mismatch will cause a time-independent random difference in the parameters of identically
designed devices[10]. Unlike the case for digital integrated circuits, the performance of the
analog MOS integrated circuits depends heavily upon the element matching accuracy. This
required accuracy depends on the application. For instance, the matching accuracy of MOS

transistors used in a current mirror is a critical one[11]. Mismatch that can be observed

between the parameters of a group of equally designed devices (MOS transistors) is the
result of several random processes which occur during the fabrication steps of the

devices[ 10}. In the fabrication of an integrated circuit pattern, the edges of interconnecting
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wires and devices cannot be exactly located due to uncertainty in the locations of the
particle beams and mask dimensions. The position of an edge is thus affected by a certain
amount of noise so that an ideally straight line appears wavy|11]. The elements of MOS
L.C.s are inherently subject to errors from two sources. One is the systematic error, which
affect adjacent elements with identical geometries similarly. It can thus be reduced by
proper matching techniques. The other is the random error, which differs from element to
element, and therefore cannot be corrected by improved matching techniques. It hence
presents the ultimate limitation of 0.1% on the achievable accuracy, with minor variations
around this value depending on the MOSFET size[11]. The MOS transistors for analog
circuits, will generally operate in the saturation region. The measured mismatches in Vyand
K should be related to their saturation region values. Since the drain current for this region
is given by:

K

=5 - (Vgg=Vp) 2 (2.53)

mn

where / is the drain current, K is the conductance constant, and V- is the threshold
voltage. The statistically significant parameters of this model are Vyand K. The mismatch
in V accounts for variations in the different charges quantities, and in the gate oxide
capacitance per unit area. The variations in e dimensions, channel mobility and the gate

oxide capacitance per unit area are measured as the mismatch in K.

The variance in the drain current may be written as| 12}

o) ) 2
oy ©f Sy Oy c
o=t — gy K (2.54)
I’ K (Ves=Vr) Ves=Vi) K

This equation concerns the variance of a function of two variables ( Vi and K). Here
r is correlation coefficient between the mismatches in Vi and K, T is the expected value of

the random variable /, o, is the standard deviation of /, and so on for the rest of the variables.
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Thus the mismatch in drain current at any operating point may be estimated if ok, oy and
r are known.

The threshold voltage V4 and the conductance constant K can be determined
experimentally by measuring the drain current versus the gate voltage for a small value of
Vps. The maximum slope of the / versus V¢ curve provides the value of K, while V7 is
obtained from the intercept of maximum slope on the Vg axis.

The correlation factor (r) between mismatches in V- and K comes from the variation
in oxide capacitance. Hence, a dependence between the mismatches in Vo and K can be
expected. A theoretical expression for the correlation coefficient is derived in [13]. Also,
the value has been experimentally measured[12]. For n-channel devices the agreement
between theoretical and experimental values is excellent, while it is fair for the p-channel
ones. However, both the theoretical and experimental values are close to zero, indicating
that the mismatch in Vy-and K are almost independent. From the above discussion, since
the correlation factor (r) almost equal to zero then the variance in drain current which was
given in eqn. (2.54) can be written as follows:
¢’ o2 03,1

d = ._K-}-4._.

POk (Vas=Vp? . . .
At low values of V¢ the dominant factor causing the drain current mismatch is the

(2.55)

threshold voltage variation, while for higher values of Vg (mid-rail) the conductance
constant and the threshold voltage mismatch have almost equal contributions to the drain
current mismatch{12]. A note to take care of it, the square shaped MOSFET (W=L) will

have the lowest variance of the drain current[ 14].

2.7.1, CONDUCTANCE CONSTANT MISMATCH

The conductance constant for any MOSFET transistor is given by:

K=u-C'% (2.56)



76

where U is the channel mobility, C is the gate oxide capacitance, W and L are the width and
length dimensions of the gate, respectively[12]. The variance of the conductance constant

can be expressed in terms of the variances of the mutually independent components, i.e.,

W, L, and C:
2 2 2 2 2
Sk Ow S, O¢ Sy
Sttt s
K we L C° H
The mismatch-generating processes for the gate oxide capacitance and the mobility[10]

(2.57)

lead to a standard deviation in both quantities as:

2
Gc 1

- :—.::'A
¢t LW

where A, is the parameter to be determined from measurements, and is equal to

(2.58)

6.46 x 1014 cm? for n-channel device and 3.003 x 1012 ¢m? for p-channel device. Also,
—_— = 1 2.59
== () (259)

where (A“)O‘5 = 4.95 x 1077 c¢m for n-channel device, and it is not known for p-channel

device. Substituting eqn.(2.58) and eqn.(2.59) into eqn.(2.57) the standard deviation of the

K factor will be:

2 2 2
6 1 GW (s)
L= (A, A = — (2.60)
K -W w- L
Due to raggedness it is found that 6; and o y are approximately the same and in the range
gg L W pp J g

of 0.01 to 0.03 um An average value 0.02 um can be used for 6; and oy [12]. The value

of A, and A, are 2.64 x 1013 cm? and 0.646 x 10713 cm?, respectively, for an n-channel

)-12

device. The value of A, for the p-channel device is 3.0369 x 1( cm?. The value of A,

for p-channel device can be found as follows:

Lol = amaem™.

5 I w
The value of —.k.fis plotted in Fig.2.40 for an n-channel device[12]. Using this figure
2
— -0 o
for the above values of Wand L, —ig is approximately equal 1.15%, which gives :L; =1.31.
K

Since L = W =3 um for the 3 micron technology, then:
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Substituting these values into eqn.(2.60), the value of A, for p-channel will
approximately be equal t0 8.725 x 10713 cm?,
Using eqn.(2.60) and its parameters values, the variance in the K conductance factor

for the n-channel MOSFET is:

2 2 -12 2 -12
o - - 0.02)“x 10 0.02)“x 10
X L % (264% 1072 4+ 0,646 x 10713 + {292 4 (0.02) -
9x 107 9x 10

K? ) 91078

o

2
_—’2‘ = 9.2345 x 10°°
K

while for the p-channel MOSFET the value of the variance is:
o2

£ = 13234 %107

K

The percent variation in the standard deviation of the K conductance factor for the n-

c
channel MOSFET is —’_(5 % will be.9609%, and for the p-channel itis 1.15%

2.7.2, THRESHOLD VOLTAGE MISMATCH

Gate material choice and channel doping level will determine the threshold voltage
for the MOSFET. To maximize the performance of the devices, the threshold voltages of
the n-channel and p-channel MOSFETs should be comparable, and ideally of equal

magnitudes| 15]. The threshold voltage can be expressed as:

Qf QB
Vi =&+ 2‘1’3—6— om (2.61)

ox ox

where @y is the gate-semiconductor work function difference, Wp is the substrate
Fermi potential, ins the fixed charge in the gate oxide, Qp is the depletion region charge

in the substrate and C,,, is the gate oxide capacitance per unit area.
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Fig.2.40

Conductance constant mismatch versus dimension for P-channel device[12).
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The standard deviation of the threshold voltage in eqn.(2.61) can be determined
through the determination of the standard deviation of the parameters in the right hand side
of eqn.(2.61). Both Wp and My have a logarithmic dependence on the substrate doping
while @, depends on another parameter which is the polysilicon gate doping. The

previous two terms are regarded as constants, not affected by any mismatch[12].

The gate oxide fixed charge (Q)) has a poisson distribuuon. Its variation can be written as:

Q
2 =g 2.62
°, =9 Lw 262
where L is the effective length, W is the effective width of the channel and g is the electron
charge.

The depletion region charge in the substrate Qp is randomly depending on the distribution

of the dopant atoms|12). The variance in Qp is:

2
%0, _ 1

where W, is the width of depletion layer and N4 is the substrate doping.

(2.63)

The variance in gate oxide capacitance C,, depends on the variance in oxide thickness and

the permittivity. It can be written as:
2

GC _

—_ == A

1
=il (2.64)

ox

where A, is a constant parameter determined from measurements.

Since the random variables O Op and C are all independent, then the variance in the

threshold voltage can be written as:

2 72 =2
, c
o = %1_2 : (oéu+ oé,) + E—g + —gg +%{- (2.65)
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Substituting eqn. (2.62) and eqn. (2.64) into eqn. (2.65) and by assuming Qp has the

same variance approximately as Qy, the variance in threshold voltage will be:

._____1.. 0O ) =2, A2
O, =z (@ @+ 0 + A, @+ D) (260

First for n-channel MOSFET device the values of Qg =7.7x10 8 Clem?, Q= 3.2% 107
Clem?, A,y = 64631 x 10 M em? and q =16.019 x 10 10 Coulombs, then the standard

deviation of the n-channel threshold voltage will be equal to:

4 0.5
O, 1 (259x107%

_— = === = (2.67)
Vi JL-W Vr
For the p-channel MOSFET device Qg = 4.810 x 10 $C/em?, Qr is negligible, A, =

6.4631 x 101 cm? and q=16.019x 10 “10 Coulombs, therefor, the standard deviation of

the p-channel threshold voltage will be equal to:
. _12.0.
2 (9.89 x 107°°)

= = e (2.68)
Vr T Vi

The numerical coefficient in eqn.(2.68) is greater than the unity in eqn.(2.67), which

indicates larger threshold voltage mismatch in p-channel device. The physical explanation
is that, there is larger variation in surfuce charge concentration due to the differential

doping uccurrence at the MOSFET channel surface.

For the MOSFET p and n-channel models given in this research that has the minimum
dimension of 3 um of both L and W, the variance in threshold voltage (oy) will be around
5.3 mV for n-channel MOSFET, while for the p-channel MOSFET it is 10.4 mV. The
percent variation in the threshold voltage is 0.75% for the n-channel device and 1.3% for

the p-channel device. The mismatch in threshold voltage can be summarized as follows:

(a) The standard deviation of mismatch in threshold voltage is inversely proportional to the

square root of the effective channel area.
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(b) The fixed oxide charge Oy has negligible effect on the threshold voltage mismatch
because the number of fixed oxide charges in well-controlled process can be reduced to
about 2 x 10'°/cm?. Then when we compare the value of Qran Oy we may interfere the
contribution of the variability of the fixed oxide charges to threshold voltage mismatch in

eqn. (2.66) may be neglected

() A major effect on threshold voltage mismatch comes from the nonuniform distribution

of the dopant atom in the depletion charge at the bulk Qp.

(d) There is little influence on the threshold voltage mismatch due to gate oxide capacitance

because it is quite uniform.

The drain current mismatch can be evaluated for the model given in this research

depending on the drain current variance given in eqn. (2.55).

For the NMOS device, the variance in the drain current can be found by plugging the
values of the transconductance parameters which was found before equal to 9.2345 x10°

and the threshold voltage variance which defined in egn. (2.67) will be equal to 5.873x 1( yd

The MOSFET size used in this design has W = L = 3 pm, the corresponding gate-to-
source voltage is 1.25 volts and the average threshold voltage is assumed to be (0.7 volts,
Substituting these values and the variance of the threshold voltage and transconductance
into eqn. (2.55), the variance in drain current will be 46.52x 1 (07 and the standard deviation
will be 2.16x1073, iie. it is 0.216%. For the p-channel device, the variance in drain current
will be found by the same way under the assumption of the threshold voltage equal to (.8
volts. Then the variance will be 23.04 %10 and the standard deviation become 48 x 1073 or

it can be defined as 4.8%.

ha
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For NCMOS type la current mirrors the worst case variation in output current is

2 2 2 2 2

o O o g g

—-Iu = kn K[l + 4 X (VG.Sn - VTn) 5 + 4 . (VG.SP B va) ;
2 2 2 - -

r, K. K, (Vasn=Vrn) Vesp = Vrp)

Substituting the values of each variable variation in the equation above for a reference
current of 6 HA and current gain grater than unity. will give a percent variation in output
current of 1.36%. The NCMOS type Ib current mirror with reference current of 15 HA, will
give a percent variation in output current of 6.03% Table 2.4 shows the previous values

tabulated.

Table 2.4: Statistical numbers showing the variations in currents of NCMOS current mirrors

parameter max. value comments
NMOS dram single NMOS 3um drain current variance with Vy=0.7
cgrrent - vanance 46.52x107 | and Vgg=1 25 volts
c 1/ )
NMOS dram single NMOS 3pm drain current standard deviation

current - standard | 2 16x103 | with V4=0.7 and Vg=1.25 volts
deviauonal/1 '

PMOS draum single PMOS 3pm drain current variance with V4=0.8
current - varianee | 23 04x 1074 | and V;g=1.25 volts

o°l/F ’

PMOS dram single PMOS 3um drain current standard deviation

current - standard | 4gx1 (3 with V7=0.8 and V¢=1.25 volts
devianonol /]

pereent  varation
" threshold | (3769 single NMOS 3 um
voltage Vi,
Vin !l Vi

percent  variation

"‘;";‘;’“ﬁ‘ current | 1.36% NCMOS current mirror with current gain greater than
cl, /15 :
“ unity

pereent  variation
in threshold | 1 319 single PMOS 3 pm
voltage Vg,
0\’],, / V,-,,‘??»

pereent  variation
m output current | 6 ()36 NCMOS current mirror with current gain less than
Gl(,/l‘,‘;; llnity
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As an example of comparison, the minimum masking error for the 1.2 pm is 20¢%. If
we need to design a current mirror with a current gain opportunity of 3,34 using the size

factor and minimum size MOSFETs. then the error will be:

i 440.24

L= 2200 23344073

i 1.2+0.24
This shows that the best case in the output current error of the conventional current mirror
is 22% of the designed value. We conclude that for a minimum dimensions Type la
NCMOS current mirror still better than the conventional current mirror by 20.5%. Fig. 2.4 |
shows the amount of area reduction in the NCMOS current mirror (a) in comparison with

conventional current mirror (b) giving the same current gain ot 3.34.

2.7.3 MONTE CARLO SIMULATION RESULTS

Simulations for worst case analysis was carried out ustng Monte Carlo package in
HSPICE simulator for both NCMOS and conventional CM. The model for NCMOS CM
was defined to skip the typical 209% maximum mask misalignment while it is applied to the
conventional CM. A Monte Carlo program sample was shown in Appendix A, and the
results for two NCMOS CM, controllable and noncontrollable compared with two
conventional CM are given in Table 2.5. These results shows that the NCMOS CM, type
Ia for input current level of 5 pA has an output current standard deviation o/, /1, percentage
error equal to 1% of the simple conventional CM. Also the controllable type 1Va has 15%

of the conventional cascode with the same gain of 2.

Table2.5: Monte Carlo Statistical results of the output current for a selected types of CM.

CM circuit Type O/, VAR (1)

Novel NCMOS CM Ia 0.243x10°7 | s93x10° 14
IVa (cont.) | 1.95x107 | 3.806x10°14

Conventional CM simple 2.272x10°% | 5.160x10712
cascode 1.283x10°0 | 1.647x10712
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Fig 2.41
layout of (1) Type 1a NCMOS current mirror (b) conventional current mirror (for K=3.34)
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Fig. 2.42
Twin-tub CMOS structure{16].

84



85
2.8 IMPLEMENTATION TECHNIQUE

In all the current mirror configurations suggested in this chapter. the body of the
MOSFET is always connected to its source terminal. Thus it is necessary to form a separate
well for each MOSFET. The twin-tub technique allows separate wells for NMOS and
PMOS transistors in a lightly doped substrate. The corresponding device structure for the
two different MOSFETS is shown in Fig. 2.42 in which the substrate can be cither n- or p-
type. The original claim for this structure was that doping profiles in each well could be set
independently; hence both device types would be optimized. The major advantage of the
twin-tub approach is the flexibility of selecting substrate type (n or p) with no effect on
transistor performance; the latch-up behavior however, will not be identical. This flexibility
may be important in implementing design with different applications. Consequently,
spacing between NMOS and PMOS devices can be reduced for high density circuits. As
CMOS technology advances to submicron dimensions, the twin-tub approach may become
more attractive. This is because the two device types perform similarly in the half micron
regime. Thus it makes sense to provide symmetric NMOS and PMOS devices. Because the
doping concentration will be scaled up at these dimensions anyway, whether devices are

made in the well or in the substrate makes only a marginal differencel4, 16].

2.9 SUMMARY

The analysis and simulation of the twelve new current mirror circuits proposed
circuits in this chapter have established a methodology of using the K- factor in designing
a NCMOS current mirror. This methodology allows design of these NCMOS current
mirrors with equal size MOSFETs and, consequently, with a minimum arca. The arca
saving is 25% when compared to the regular current mirror with the same current gain.

Further, the designs are portable for any VLSI implementation technology, present or
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future i.e., they are valid for any VLSI technology. The designs also employ negative

feedback profitably to improve the current ratio stability of the current mirror circuits.

Negative feedback was applied to most of the circuits to eliminate the effect of the
output voltage variation on the current ratio, which makes it more stable with respect to the
load variations. A quick review of the final current ratio equations of the twelve current

mirrors is given in Table 2.1.

Results of analysis and simulation have shown that these circuits also provide a good
stability with respect to the variation of the reference current. However, modifications have

been proposed to further improve the performance of these circuits.

(1) The current ratio variations with respect to the reference current derived from the

equations in Table 2.1 are given in two sets of graphs as shown in Fig.2.15 and Fig.2.16.

(2)The current ratio variation with the reference current, according to the HSPICE
simulator results are given in two sets of graphs, Fig. 2.17 and Fig. 2.18. HSPICE
simulation curves for the twelve current mirrors and the corresponding analytically
evaluated curves are almost the same at small reference currents, while the difference starts
to increase at higher levels of reference current because the MOSFET model used in the
HSPICE simulator difters slightly from the one used in this thesis. The HSPICE programs

along with the tables of results for each circuit are given in Appendix A.

(3) Finally the graphs trom Fig.2.29 to Fig.2.40 show the stability curves of each NCMOS
current mirror derived from both the analysis and the HSPICE simulator, to facilitate an

improved visual comparison.

The output impedance analysis and calculations show that the last six NCMOS

current mirrors are superior to the first six NCMOS current mirrors because of their output
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stage designs. These output stages do not have any MOSFET connected in a diode form. A
set of numerical results given in Table 2.6 shows the last six NCMOS current mircors have
output impedances in the range ot 43.84 MQ to 297.16 M. while tor the first six NCMOS
current mirrors. the range of output impedances lies between 2 MQ and 18.79 MQ. tor the

reference current range of 5 HA to 15 HA as a worst case situation.

A statistical study has been done to calculate the errors in output current of the
NCMOS current mirrors caused by a time independent random difference in the parameters
of the MOSFET devices. The two most important time independent parameters
(transconductance and threshold voltage) have been selected for this study. This study
shows that the percentage error in the output current of the NCMOS current mirrors with a
current gain greater than unity is higher than the one with a current gain less than unity, due
to device type and the K factor ratio of the NCMOS current mirrors. The maximum

percentage error in the output current due to device mismatch is approximately 6.03% and

Table2.6: Numerical comparison of the current mirrors for a typical case.

l,
reference outhut output K Il - A__Il_—l . No.of
C.M. type current ) P offset | factor transis
impedance
level voltage | ruiio tors
100%

Type Ia 5 uA 2 MQ 1L.O1V | 334 30% 2
Type Ib 15 uA 5.33MQ | 051V 0.3 0% 2
Type Ila 15 pnA 18.79MQ | 199V 0.3 20% 3
Type IIb SHA 5.67 MQ 31V 3.34 13% 3
Type Hla 15 pA 18.79MQ | 199V 03 19% 4
Type IlIb 5 HA 5.67 MQ2 3.1V 3.34 18% 4




88

K

reference output output No. o'f
C.M. type current impedance offset | factor transis
level voltage | ratio tors
100%

Type 1Va 5puA 1067MQ | 20V | 334 19% 4
Type IVb 15 A 1576 MQ | 1.56 V | 03 19% 4
Type V 5pnA 106.7MQ | 389V | 334 21% 4
Type VI ISpA 297.2MQ [ 361V | 03 16% 4
Type VII 15 A 1597MQ | 313V | 03 16% 4
Type VHI 5 HA 4384 MQ | 346V | 334 14% 4

1.36% for NCMOS current mirrors with gains less than unity and greater than unity,

respectively. The worst case variation due to device mismatch (i.e. 6.03%) is still 16% less

than the error caused by the only misalignment of a conventional current mirror giving the

same gain and minimum required area. A Monte Carlo simulation shows that the NCMOS

CM, type la for input current level of 5 pA has an output current standard deviation o/,/7,,

percentage error equal to 1% of the simple conventional CM. Also the controllable type IVa

has 15% of the conventional cascode with the same gain of 2.

VLSI implementation technique suggested for this NCMOS current mirror circuits

design is the twin tub technique. This technique illustrated in Fig. 2.43, has been vsed by

the AT&T Bell Laboratories|4].
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89
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CHAPTER 3

VOLTAGE CONTROL OF CURRENT TRANSFER RATIO

3.0 GENERAL

The NCMOS current mirrors developed in Chapter 2 realize a fixed current ratio of K
or 1/K. By cascading n such current mirrors, a ratio of K" or K ™ can be obtained, as shown
in Fig.3.1. For an area comparison if n=2 and K=3.34 then the current ratio will be 10. If
we use type Ia and type 11b to get this gain the total MOSFETS are 5. Rough area estimation,
depending on the MOSFET gate size, the total area will be 5x 32 = 45 um2. The
conventional size technique using regular current mirror will cost an area of 11 x 32 = 99
pmz. This rough estimation shows that an area reduction of 55% has been achieved. The
parallel combination of output MOSFETs can give a current ratio increase of nK. It is
desirable, however, to have a technique of continuous voltage control of the current ratio.

In this chapter such a technique will be investigated in detail.

3.1 VOLTAGE CONTROL OF CURRENT TRANSFER RATIO

We have observed in Chapter 2 that for any current mirror the output current can be
expressed as a function of the reference voltage across one of the reference side transistors.
Let us call this transistor Q. The value of the reference voltage depends on the amount of
the current that flows through the Qp transistor. Thus, if we can control this current through
the transistor Qp, which develops the reference voltage Vg, while keeping /g at a constant
level, the output current can be correspondingly controlled without changing /. The block
diagram on Fig.3.2 shows how this control circuit can be effected by a voltage. Clearly, /.

can be controlled by V, and since:
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Vop Vop

Vv,
I (‘) R, CQ_ control NCMOS

circuit current mirror

I, l
I, i y,:lk ¥ le h=lg -1,

(@) (b)
Fig.3.2
Voltage control of the current ratio.
(a) current sink (b) current source

Vop

Iy <'> R
1. ‘ y 1=1g - I

N NCMOS
current mirror
v, Qc
Vss
Fig.3.3

The voltage controlled current mirror sink with the control circuit shown.
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I = Ix-1
Since the current /g is a DC constant current, then it is true to say:

This means that the output current is linearly (inversely) dependent on the control

current /[17], or I, can be made dependent on the control voltage V..

Fig.3.3 shows a simple control circuit for any of the sink model of the NCMOS
current mirrors developed in Chapter 2. Assume this NCMOS current mirror has a current
gain greater than unity. Obviously, the transistor Qp in this case is an NMOS transistor. The
voltage across its gate-source terminals is equal to V.

The analysis for this voltage controlled NCMOS current mirror will be as follows:
For control transistor Q. the current is:

Io= B, (Vo= V)2 (142, V) @3.1)
The reference side MOSFET transistor of the NCMOS current mirror has a current

equal to:

Ip=1,=Bg- (Vp=Vp,)2 (1+1,Vp) (3.2)

Summing equations (3.1) and (3.2) and assuming f, = Bg, the reference current
becomes:
Ig = Bp ((Vo=Vp)2 (J+2d Vo) + (Vp=Vp) 2 (144 Vp))  (33)
Assuming AV, << 1 and A,Vg << 1, we have from eqn. (3.3)

1
(Vg=Vp)? = B—‘; ~ (V.= Vg2 (3.4)
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From equation (3.4) it is clear that the voltage V; is a decreasing function of the
voltage V.. Thus, the value of V can be controlled by the voltage V.. The output current I,
is developed by impressing V across a transistor, say, Q,, on the output side of the current

mirror. Hence, we have for/,,

]o = Ba ) (VR - VTo)2 (14 A'oVDSO) (3.5)

where B,, Vr,, A, and Vg0 refer to appropriate quantities for Q,,.

Dividing eqn. (3.5) by eqn. (3.3) will give a current ratio:

1, B, (Vo= Vy,)? (14X, Vpso)

== o : 3.6
Ip ~ Bg (Ve=Vp) 2+ (Vg=Vp )2 (14X, Vp) 3.6)

Even eqn. (3.6) is a nonlinear equation, it shows that the current ratio is a decreasing
function of the DC control voltage V.. A similar equation can be developed for the source
version of the NCMOS current mirror. This non-linearity is not important because the

control voltage is an external DC voltage.

3.2 VOLTAGE CONTROLLED NCMOS CURRENT MIRRORS.

The above voltage control technique has been applied to all the NCMOS current
mirrors. The DC analyses have been done for all of these circuits. The appropriate
expressions are given in Table 3.1 and Table 3.2. Corresponding control curves for all the
current mirrors are given in Fig. 3.4 and Fig. 3.5. However only, four circuits have been
selected for presentation of the detailed analysis. Analysis and simulation results shows that
these four circuits offer superior control characteristics relative to the other types. These

circuits are:



Table 3.1: Summary of the analysis results for the controlled current mirrors.

NCMOS
current
mirror

type

Current gain (/,, / Ir)

Comments

Ia

2,
(VR - VTu) (1 + 2'an.i'Z)

e

K
- 2, N - 2,
(vg va) (1+ xpvk) + z, (v,—vp)* (1+a,vp)

i) For a given Ig and V,
the voltage Vg can be
obtained from Table 3.2.

i) Vemay can be
obtained from Table 3.2
using computer
programing.

Ib

- 2,
(vg VTp) (r+ xpvsdz)

K
- 2, P, - 2,
(Ve= Ve & (142 vp) + K (v, vTP) (r+ xpvR)

i) For a given Iz and V,
the voltage Vp can be
obtained from Table 3.2.

il) Vemax can be
obtained from Table 3.2
using computer
programing.

Ila

fg, (VR-VTP)Z- (1 +xpvk)

Kn Kp Kp
((Ve=Vy)2+ (V.= Vy)?) - (1 + xn(vk (1 + F)" Vi K—+V7.n)
n n

3
/

i) For a given /g and V,
the voltage Vi can be
obtained from Table 3.2.

i) Vemay can be
obtained from Table 3.2
using computer
programing.

Ilb

(V- an)Z (141 Vp)

K, K .
((Vg- VTP)2+ (VC-VTP)Z) . (1+xp(vk (1 + J;—;)—VTPA/;:WT")

K
2.
K

p

i) For a given /g and V,
the voltage Vg can be
obtained from Table 3.2.

i) Vimay can be
obtained from Table 3.2
using computer
programing.

I1la

(VR—VTP)Z- { +APVR)

X
P,
K K

)

((Vp- v7.n)2+ (vc—VTn)Z) - (1 +1n((vR-va) X,

i) For a given Iz and V,
the voltage Vg can be
obtained from Table 3.2.

i) Vepay can be
obtained from Table 3.2
using computer
programing,.
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NCMOS
current
mirror

type

Current gain (/, / Ir)

Comments

1IIb

iy
KP

(Vp=ve) 2+ (142 vp)

X
(VR-—VT")2+ (vc—vrp)z- (1+1P( (VR—VTP)JK::-!-V“))

i) For a given Ig and
V.. the voltage Vg can
be obtained from Table
32

il) Vimax can be
obained from Table
3.2 using computer

programing.

IVa

’!l"&
B

- 2,
(vp=vr )i 1+ vp)

X Z
(VR—VTP)Z- (143, V) +E;"’(vc—v.“) (14 28,vp)

i) For a given Ip and
V., the voltage Vg can
be obtained from Table
3.2,

1) Vemax can  be
obtained from Table
3.2 using computer
programing.

IVb

K
L.
n

- 2,
(vp VTP) (1+xpvR)

I3
- 2, _P - 2,
(VR Ve <0 +1an) + K (v,—v)- 1+ 22,Vp)

i) For a given Iy and
V., the voltage Vg can
be obtaincd from Table
3.2

i) Vomax can be
obtained from Table
3.2 using computer
programing.

K ,K
P P

(Ve—Vrp) 2

e Ko

K 2 (1+2 Vp)
- 2, "y - p
(Vg VTP) *,?;(Vc V)

i) For a given /I and
V., the voltage Vg can
be obtained from Table
32

i) Vo can be
obtained from Table
3.2 using computer
programing.

VI

Kp

(Vp— VTP)2 - (1 +xp2vk)

K

K

n ) Kp Kp
V.~ Ve,) (’“‘,.(Vn(“ _..)-VT” -E:+VT"))+

(Ve=Vr )2 (1 +2 vp)

i) For a given Iy and
V., the voltage Vg can
be obtained from Table
32

i) Vemax can be
obtaincd from Table
3.2 using compurer
programing.
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NCMOS
current .
mirror Current gain (/,,/ Ig) Comments
type
- 2, i) For a given Iy and
K (Vg =Vra) ™" (14 2,Vp) V., the voltage Vi can
K, (VR—VTP)2(1+xpvR) + be obtained from Table
VI 3.2

X X
(vc—va)2(1+xP(vR (2+J;i) —-vTRJ;:+vTP))

ii) Vemax can be
obtained from Table
32 using computer

programing.

VIII

,K
- 2, .
X (VR VTP) (1+AP(VR+ ( X,

(vp=vg,) "0) + VTP) )

3 I

K K
Py 2 L
K. (v.=vp) (1+AP(2VR+ (JK:(VR Vo) ) +VTP)) +

(Ve=vr) 2 (142 vp)

a= [(1+2vp)/ (i +1,2vp)

i) For a given I, and
V.. the voltage Vi can
be obtained from Table
3.2

i) Vepaxy can be
obtained from Table
3.2 using computer
programing.




Table 3.2: Design equations for determination of V, and V,,,,..

NCMOS
current (2) Equation to obtain Vg from a given Ig and V.
mirror (b) Equation to obtain V,,,,. for a given /.
Type
20, K 2
(a) Vg = »,/T(; - 17: (Ve=Vr,) +Vy,
Type Ia
K K
(b) Ip = 7'5 (VCmax_VTn)2+ ’EE ) (VCmax—VTn_VTp)z
21, K 2
R
(a) VR = J‘k’;_kf(vc_va) +V1'n
Type Ib
2
n
(b) Ip = _22 * Vemax— VTp) + L Vemax = Vrn— VTp)2
21
(a) Ve = J—EE_ (Vc_VTn)2+VTn
n
X 2
Type Ila K Vemaxt VTp . JI—:—" -2V,
n n
(b) ]R = ¥ ’ (VCmax— VTn) 24 K - VTn
2+ |F
Kll
2/
(@) Vp = J?"i— (VC—VTP)2+VTP
p
Type IIb K, 2
K Vemas* Vrn® J5m = 2V1p
=_P. P -V,

(VCmax - va) 2+
20 o
KP
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NCMOS
current (a) Equation to obtain Vg from a given /g and V..
mirror (b) Equation to obtain V,,,,, for a given Ip.
Type
21, )
(a) Ve= g~ Ve V) + Vg,
n
Type
Illa
2
b K Vemax+ Vi X, 2Vra
n
®) Ip = 7 (Vemax=Vrn) 2+ X Vrn
2+ |-E
Kn
R
Vp = J— (V.= Vp,)*+Vp
(a) Kp ¢ p p
Type
Ib X 2
K Vemax + Vrn Fp - 2VTp
= _p _ 2 -
(b) Ip = 2 (Vemax va) + K, VTp
2+ 7
p
21, K, 2
Type (@) Ve = X K (Ve=Vra) +Vp,
IVa P P
K V -V 2
- P Cma T
(b) Ip = 5 Vemax= Vi) + 5 - (——5——=Vp,)
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NCMOS
current (a) Equation to obtain Vg from a given /g and V..
mirror (b) Equation to obtain V,,,,, for a given Ig.
Type
Vg = X K, (Ve=Vpp) +Vp,
Type
IVb , ,
(b) K Ky Vema—Vr,
It = 5 Vemax— Vpp) +o (=L =V,
2, K
(a) Vp = J?_R—Ei‘(VC—VTn)2+VTp
p 4
2
Type V K
K vaax + VTp 'EB - 2V7'n
n n
(b) I =7' (vaax-VTn)2+'7p' X "V'l‘p
2+ |-F
Kn
2/, ,
(@) Ve = g~ Ve V) "+ Vy,
n
2
Type VI K
K Vemaxt VTp _"; - 2V’l‘n
n n
(b) I = 2 (VCmax—VTn)2+ 2 e ~Vin
2+ |2
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NCMOS
current (a) Equation to obtain Vg from a given /g and V,.
mirror (b) Equation to obtain V,,,, for a given /.
Type
21,
(a) VR = [Yp‘"‘ (VC_VTP)2+VTP
Type
Vil K,
(b) Ip = '2_F ) (VCmax—va)2+ X £ —VTp
2+ JK—-"
P
(@) 20 K, 2
Type
VIII )
® V + V. JK-" 2V.
c R
, __]&.(V v )2+Kn max n KP Tp—V
R™ 7 Cmax Tp K_ K Tn
p n
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Current ratio with control voltage variation for sink versions of the NCMOS current mirrors.
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Current ratio with control voltage variation for source versions of the NCMOS current mirrors.
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(a) Type V sink with K > 1.
(b) Type VI sink with K< 1.
(c) Type Ilb source withK > 1.

(d) Type VIII source with K < 1.

3.2.1 VOLTAGE CONTROLLED TYPE V NCMOS CURRENT MIRROR

To control the output current of this type of NCMOS current mirror, an NMOS
control transistor Q.. is connected across both Q; and Q4 MOSFET transistors (which are
located in the reference side of the current mirror) in order that Q; and Qg4 carry the same
current through them as shown in the circuit diagram of Fig.3.6. The current /_ is the control
current, while the current /; is the adjustable current that flows through Q; and Qq. I is

equal to the difference between the main reference current and the control current.

Referring to the circuit diagram of Fig.3.6, the V5 voltage of Q. transistor is equal

to the sum of Vi, of the O, transistor and Vg, of the Q, transistor.

Referring to the analysis in Chapter 2, section 2.3, the voltage between the drain and

the source of transistor Q, can be written as follows:

K, K,
VDS4=VR. 1+ K— - VTP' K-——- +V7'n (37)
n n

Since the voltage Vg, was assumed to be the reference voltage Vy, then the drain to

source voltage Vs of the control transistor Q, will be:

Kp Kp
Vosc = VpsatVse1 = Vo' (2% | |- \Vip" Jg |t Vin (3.8)
n n

The drain current /, of the NMOS control transistor Q.. is:



VDD

N |
| j
Q4 | 1 5
N
| 5 < N
N =
Q1 I_ ¥
V, P | 5
N
VsS
Fig. 3.6

Q3

Q2

Circuit diagram for Type V NCMOS current mirror, (sink version) withK > 1

106



107

I—K"-v-—v 2. 014+ |v ZKP v KPV 3
c” 2 (c Tn) +n R’ +E;_Tp‘ ]—(:+ Tn (3.9

The source currcnt /; of transistors Q; will be:

K 2
I, = 7” c(VR=Vp) 2 (1 + 1, V) (3.10)

,K,, fx,,
Because the factor (2 + K_N) =V, ra +V,, =281 and 7Lp =3\, one may

assume,
K, Kp
l'l VR' 2+ E; _VTP.;.R_;-*.VT” =2.pVR

Thus we have,
Io = — KP 1% 2 K” 2 A
R=htle = g (vt g emvp)™ ) e dpVe) G
The previous equation shows that the reference current can be expressed in terms of
two variables Vp and V., which means that, for a given I, Vi can be controlled by the

voltage V.. Equation(2.28) in Chapter 2 gives the output current as:

I—Kn-V 2. 14n (v, |1 Kp V. K”+v 3.12
o“_Z-(R—VTn). n\'R +K_N—7'P._l€; Tn (3.12)

Dividing equation (3.12) by equation (3.11) the following current ratio equation is

obtained:
10 _ Kn (VR—VTH)
I, K K
R p 2 n
(VR—VTP) +K—p' (VC-VTII)
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Assuming A,,VR << 1, we have from equation (3.11):
KP 2 K" 2
Ip = 5 ((VR—VTP) +Fp- (Vo= Vg,) ) 3.19)
The above equation shows that the voltage Vj is a decreasing function of the voltage

V. when the current Ip is held constant.

Rearranging equation (3.14), the reference voltage Vp can be written in terms of the

reference current and the control voltage as shown below:

KP P

The above equation is valid when the control transistor Q. stays in the saturation

1% =Jﬂ—ﬁ(v -Vp)2+V (3.15)
R K c Tn Tp .

region, and this condition is valid when the voltage V. is less or equal the sum of the drain-

to-source voltage and the threshold voltage of the control transistor Q_, i.e.:
Ve

—_— 1 (3.16)
Vpsc+ Vrn ~

Consequently, the maximum control voltage is:

Kp Kp

The value of reference voltage in terms of the maximum control voltage becomes:

K,
VCmax + VTp K 2VTn
Ve = = " (3.18)
P
2+ %

n

The maximum control current that can be sunk through Q, transistor while it is in

saturation region is:

K

ICMM = _2_"l ) (vaax_VTn)z (3.19)
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Thus, the minimum value of the current /; through transistor Q 1 becomes:

K, 2
K VCmax + VTp E; - 2V2 n
_2_P . = - VTP (3.20)

p
2+K

n

The reference current can also be written in terms of the maximum control voltage

as follows:
- Kp 2
K K VCmax + VTp K - szn
n n
Ip= 5" Vepa= V) ?+ > = ~Vrp 3.2
2+ |F
K

n

Solving eqn. (3.21), we can obtain V¢, for a given I5. The above equation can be
solved through the use of programming technique. The programs and simulations for this
circuit are given in Appendix A. Relevant expressions are listed in Table 3.1 and Table3.2.
Fig.3.7 compares the analysis and HSPICE simulation results for two levels of reference

current 40 pA and 120 A,

3.2.2 VOLTAGE CONTROLLED TYPE VI NCMOS CURRENT MIRROR

Fig.3.8 shows the complete circuit diagram for type VI voltage controlled NCMOS
current mirror. From the circuit diagram of Fig.3.8 it is clear that the voltage Vpgc can be

written as:

Vpsc = Vpsa+Vso
Referring to the analysis of type VI NCMOS current mirror in Appendix B,
eqn.(B.15), the voltage Vpgc can be written in terms of the reference voltage Vg, which is

the gate-to-source voltage of Q4 transistor, as follows:
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Fig. 3.7: Comparison between the HSPICE and Analysis (Table 3.1 & 3.2) results for

(a) best NCMOS sink current mirrors (b) best NCMOS source current mirrors
for the values of I given in page 159 and 161.
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P

Vss

Fig. 3.8

Circuit diagram shows the control circuit connected to Type VI NCMOS current mirror.
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Kp Kp
n

The amount of control current /; that is going to pass through the control transistor
Q. can now be written as:
K K K
n ’ P f P
I, = - (v.- an)2 . (1 +A, (VR . (2+ E;) =V, 'l?: +VT"D (3.23)
The current which passes through reference side of this NCMOS current mirror, /;,

can be written in terms of transistor O, parameter as follows:
K, )
I, = 5 (Ve=Vr) - (1+A,Vp) (3.24)
Since the reference current I is the sum of both currents /.. and /;, it can be written

in the following form:

Kn 2 KP KP
IR=7-(VC—an) 1A (Ve [24 o ~Vrp 7‘,—;+an +

K
7" c(Vp=Vp ) (14 ) (3.25)

The output current of this NCMOS current mirror was given in Appendix B, eqn.

(B.17) as follows:

K
1, = 7” (Ve=Vr,) 2 (1+42Vp) (3.26)

Dividing eqn. (3.26) by eqn. (3.25), will result in a current ratio for the controlled
NCMOS current mirror as in the following equation:

X, (vp- VTp)z + (142,2vp)

= (3.27)
(vc—vn)z- (142 (vp- (2+J§5) —VTP'J:,—_:*‘VT“)) + (vR-vn)z- (1+avp)
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Rearranging eqn. (3.25), it is possible to put the reference voltage as a function of the

reference current and the control voltage, which will be valid only when the control

transistor is in the saturation region, i.e.,

21R 5
VR = e (Vc—VTn) +VTn

n

(3.28)

The control MOSFET Q, will be in the saturation region if the following equation is
valid:

14

—_— <1 (3.29)
Vosc+Vran

This means that the maximum control voltage will be:

Kp Kp
VCmax = VDSC+ VTn = VR 12+ F; - VTp : —I?; + 2VTn (3.30)

By arranging the previous equation, the reference voltage can be written in terms of

the maximum control voltage as follows:

KP
Vemax VTp K 2VTn
VR - e

(3.31)
K

_P
2+K

n

For each value of reference current there is a maximum control voltage, above which

the control MOSFET will start working in the active region i.e. the previous derivations

will not be valid. The following equation specifies the required maximum control voltage.

X 2
K K VCmax + VTpJ';(_—i - 2V7'n
n n
lR = VR (VCmax— an)2 + 2 % ~Vra (3.32)
2+ |F

=

b
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To find the value of the maximum control voltage that is required for any reference
current level, it is possible to solve egn. (3.32) through a nonlinear computer programming.
The solution programs are given in the Appendix A. Relevant expressions are listed in

Table 3.1 and Table 3.2. Fig.3.7 compares the analysis and simulation results.

3.2.3 VOLTAGE CONTROLLED TYPE IIb NCMOS CURRENT MIRROR

Type IIb NCMOS current mirror (source version) can be controlled through the
connection of a control PMOS transistor Q, in parallel with the reference PMOS transistor

Q, of this NCMOS current mirror as shown in Fig.3.9.

The PMOS transistor O, will inject an amount of current that depends on the value
of the control voltage V,, and because the reference current is constant, it is going to be
shared between the /. of the Q. transistor and /, of the Q, transistor. Thus any increase in
the control current /. will cause a reduction in the current /; and this will reflect as a

reduction in the output current /,,.

Since the source-to-drain voltage Vgpc of @, transistor is equal to the source-to-drain
voltage Vgp, of Q, transistor and by referring to eqn. (B.S) in Appendix B, the control

current can be written as follows:

KP 2

c

The voltage V4, = V47 can be written as follows:

K’l K’l
Vspc = Vg |1+ K )" Va X, V1

The current 7, through transistor Q; is:



Vop
VC
Qc |
| = |5 @
P N
Qb
I
I
I ey
P I
Ip
\j
Vss
Fig. 39

Circuit diagram shows the control circuit connected to Type II-b NCMOS current mirror.
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% 2. (140 V 3.34
Iy = 5 (Vg=Vp)* 1+, Vgpy) (3.34)

Since the reference current I is the sum of /; and I, and Vgp; = Vgpc then:

I =ﬁ-((V -V )24+ (V -V )2)-(1+1V ) (3.35)
R 2 R Tp c Tp p’ SD1

Referring to eqn. (B.7) in Appendix B, the output current /,, is:

K
I,= 5 (Vg=Vp)2 (144 Vp) (3.36)

Dividing eqn.(3.36) by eqn.(3.35) the following current ratio is obtained:

Kp Kp
I, ok, (VR_VTA)Z (2, (vpe G+ 7;) — Vv, K_,,+V1n)) 237
R (VR—VTP)2+(VC—VT’I)2‘ (1+2,vp) (3-37)
Assuming A’pVSD 1 << 1, we have, from eqn. (3.35),
K, 2 2
Ig = = ((Vg=Vg,)+ (V.- vp) ) (3.38)
Thus, when both Q. and Q; transistors are in saturation region,
21
Ve = JTR = (Vo= V) 24 Vy, (3.39)
p

The control transistor Q, will stay in saturation region as long as the control voltage
V. is not going to exceed the source-to-drain voltage by more than the threshold voltage Vi

ie.:
Vv

c

—_—c1 (3.40)
Vspc+Vrp

The maximum limit for the control voltage V. will then be:
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It can be written in terms of the reference voltage and the threshold voltage as

follows:

Kn Kﬂ
Vemax = Ve |1+ K, -V, K_,, +2Vp, (3.42)
It is possible now to write the reference voltage Vj in terms of the maximum control

voltage as shown below:

K
VCmax+ Vin: Ji(-—"' - 2VTp
Ve = = P (3.43)
n
” J;;

The reference current can also be written in terms of the voltage V., as follows:

2
Kll
K VCmax+ VTn ) ’\/K:— 2V'l'p
Ip = ?P (Vemar— Vrp) 2 + = 2 -V, (3.44)
2+ P
KP

Equation (3.44) will be solved by a nonlinear computer programming to find the
value of V,,, for each reference current level /5. The solution programs for this circuit are
supplied in Appendix A. Relevant expressions are listed in Table 3.1 and Table 3.2. Fig.3.7

compares the analysis and HSPICE simulation results.

3.24 VOLTAGE CONTROLLED TYPE VIII NCMOS CURRENT MIRROR

The connection of the control PMOS Q. to this current mirror is shown in Fig.3.10.
The control PMOS transistor Q, is going to share with both of Q, and Q, MOS transistors
the current sunk to the reference current source /. The value of the current /. will depend

mainly on the control voltage V..

If the reference current is held constant, any increase in the injecting current from

transistor Q, will cause a decrease by the same amount in the current /; that passes through
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VDD
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| < Qc P
P — |
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P
10
I
R \j
VSS
Fig. 3.10

Circuit diagram shows the control circuit connected to Type VIII NCMOS current mirror.
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Q; and Q4 transistors, and this will lead to a reduction in the gate-to-source voltage of both
MOSFETs Q; and Q4., causing a reduction in the output current /,,. The control current /,,

can be written as follows:

k, 2

The current /; can be written in terms of Q; NMOS transistor parameters as:
K, )
Where: VDS] = VGSI = VR

Because the reference current /g is equal to the sum of the previous two currents /.

and /I, we get:
I =&-(V -V )2-(1+AV)+£E-(V—V )2 (142 Vspe) (3.47)
R 2 R Tn n' R 2 c Tp p’ SDC :
Since the voltage Vsp = Vpg; + Vspy, while the voltage Vopy = Vsiy + Vses.

Because the voltage Vpg; = Viggp = V. Thus, by using eqn. (B.24), Appendix B, we

get:

K, , (I'+1 Vp) ) (3.48)
Vspc = 2Vp+ (x/;,, (Ve=Vra) - U1V Vo

Consequently, the reference current /, becomes:

K )
Ip = (VR—VTn) . (1+anR) +

K, 5 K, (1+1nVR)—
£ (=) | 144 [avg+ % (Vp=vp,) - W+VTP (3.49)

Also from Appendix B, eqn. (B.26), the output current is:
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K

Kll
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KP ) K, (142 VR)
[a = - (VR—VTp) . l+l VR+ K_ (VR VTII) W +VTP (3.50)

Dividing eqn. (3.50) by eqn. (3.49), the current ratio can be written as follows:

i (1+2,vp)
(=) (’**p(”n’“ U:T: G fm_—; )“"’)) (3.51)

(1+xvp)
:—":(vc—vrp)z(l I(ZVR+(J_(V (:_sz)) ))4' (ve=vy, ) (1+2,vp)

The current ratio equation is complicated because of the A factors. Ignoring the A

factors, the current ratio equation becomes:
- 2
, K, (Ve=Vr,)

" KX
R n”p 2 2
l—(;(VC—VTP) + (Vp=Vg,)

(3.52)

It 1ias been verified that this approximation will not affect the value of the control

voltage V. and the reference voltage Vi by more than 3%.
Assuming A,Vgpc << 1, we get, from eqn. (3.47),
K K
Ig= =" ((VR—VTn)2+1—{—:- V.=V, 9 (3.53)
Rearranging eqn. (3.53) by putting the voltage Vy in terms of the current I and the

control voltage V,, it becomes:

21, K, 2
The previous equation will not be satisfied if the control transistor moves out of the

saturation region, which means it is necessary to restrict the functional range of the control

voltage i.e.,

Ve <1 (3.55)
VspctVy, ~ '
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Using eqn. (3.48) with the previous equation, we can define the maximum control

voltage approximately in terms of the reference voltage as shown below:

Kn\ Kll
Vemas=Ve* |2+ T‘ZJ..VT"' K2V, (3.56)
The value of the reference voltage in terms of the maximum control voltage

becomes: X
n
Vemaxt VTn : !’K_ - 2VTp
[

Vg = L (3.57)

K
2+J—f
k,

The maximum control current that can be derived from Q, transistor to the reference

current source, while staying in the saturation region of Q, transistor, is:

K

= _P
Temax = 7 Vemax= V) (3.58)

The corresponding minimum current that passes through the reference side of

transistor ; can also be written in terms of the maximum control voltage as:

2
K’l
K vaax + V'I'n A/—F' -2 V'l'n
~ n p
lhmin = 5 - = ~Vin (3.59)
24 |-
KP

Taking the sum of eqgn. (3.58) and eqn. (3.59), the reference current can now be

written as a function of one variable which is the V..

2
’Kn
f’f VCmax + VTn ) K—p - 2VTp

P n
2+ JI;
P

Iy = f-”-(v -Vr )2+
2 Cmax Tp
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The solution of this equation can be achieved by using nonlinear computer
programming. The solution programs are given in Appendix A. Relevant expressions of
this analysis are listed in Table 3.1 and Table 3.2. Fig. 3.7 compares the analysis and

HSPICE simulation results.

3.3 SUMMARY

A method of increasing the current gain of the NCMOS current mirrors considered
in Chapter 2 by cascading and/or parallel them has been presented in this chapter. A
technique for the voltage control of the current ratio is also discussed. The analysis and
simulation results of the current mirrors with their control circuits are also presented. Only
four circuits have been selected to show the analysis in details. The selections are based on
their performance superiority as controllable NCMOS current mirrors. Depending on
NCMOS current mirror type, the range of control can be from the full value to about 2%
(for type V NCMOS current mirror) and 10% (for type IIb current mirror) of the full value
while maintaining the control MOSFET in the saturation region. Final cument ratio
equations for all the circuits are however given in Tables 3.1 & 3.2. Results of analysis and
HSPICE simulation show that most of these NCMOS current mirrors have a good control
response. These results are given in Fig.3.4 and Fig.3.5 which show the current ratio
variations with centrol voltage (from analysis) for both sink and source NCMOS current
mirrors. The response of each controlled current mirror derived from both analysis and
HSPICE simulator are compared in Fig.3.7 for the four selected circuits. Since this design
depends on an external control voltage to adjust the required output current, Table 3.1 also
shows how the required control voltage can be determined for a given reference current.

The non-linearity of the output current with the control voltage make its application
limited to certain circuits such as an automatic gain control circuits or a symmetrical
structure circuits such as an OTA circuit shown in the next chapter.

An application of the NCMOS current mirrors is considered in next chapter that
shows the advantage of using the proposed NCMOS current mirrors over the regular one

from the point of view of area minimization and reduction of power consumption.
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CHAPTER 4

OPERATIONAL TRANSCONDUCTANCE AMPLIFIER -
AN APPLICATION OF THE NCMOS CURRENT
MIRRORS

4.0 GENERAL
One of the most important elements in continuous-time circuit design is the

Operational Transconductance Amplifier (OTA). It is also a useful building block in analog
signal-processing systems([ 18] and continuous time filters. It is a programmable device and
has only a single high impedance node, in contrast to conventional op amps. This makes
the OTA an excellent device candidate for high-frequency and voltage (or current)
programmable analog basic building block[19]. Different techniques have been used in
designing the OTA seeking optimization of various performance characteristics i.e. better
linearity, wider dynamic range, etc[20]. In addition to these circuit design objectives, a low
power consumption and minimum chip area are desirable. An OTA design is proposed in
this chapter using an NCMOS current mirror developed in this thesis. It is superior in area
and power consumption when comparing to those using a conventional current mirror in
certain respects. The dynamic current control technique used in [21-25] is not useful for the
continuous time OTA designed in this chapter because of the large phase shift between the
input and output signals at high frequencies.

Two basic building blocks are used in any OTA circuit design. These blocks are a
difference amplifier anc . current mirror. A simple structure of an OTA is shown in Fig.4.1.
Consider a difference amplifier with a matched NMOS pair of MOSFETs (Q,, Q;)with an
input voltage v applied to the positive input (gate) terminal and -v to negative input (gate)

terminal.
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Vss
Fig. 4.1

Block diagram for a basic operational transconductance amplifier.



125

The drain current of the MOSFET Q1 can be defined as follows:
=B (v=V,-Vp)? (4.1)
and the drain current of the MOSFET Q2 will be written as:
iy=B- (~v-V,~V;)? (4.2)
where the voltage V; represents the DC potential at node 1 in Fig. 4.1. If the difference

amplifier shown in Fig. 4.1 is truly symmetric with respect to the positive and negative

input terminals, the ac voltage at node 1 is zero.

The AC output current is defined as the difference between both drain currents i) and
i2:
iy =ly—iy =4B-v(V,+Vy) (4.3)

The transconductance of this circuit is defined as:

Ai, w
8n = 1y = 4B (V,+Vy,) = 2Kn—E (V,+V3,) (4.4)
Eqn.(4.4) shows that the transconductance of this circuit is perfectly linear and its
value can be varied by the variables W/L (size of the MOSFET) and V; (i.e. DC voltage
level at node 1 which depends on the DC common current level). Any changes in the
common current will cause a related change in the DC operating point of the difference pair
which will limit the linear range of operation of the OTA. This is because the MOSFET pair
of the difference amplifier will approach the linear region or the cutoff region of operation
instead of staying in the saturation region as /.., is increased or decreased. As an example,

the characteristic curves! given in Fig.4.2 show if the current I.om is increased from 10pA

to 20uA, the operating point of the difference amplifier will move from point A to point B

1. For the sake of illustration, it is assumed that the drain loads of the matched MOSFETs arc iden-
tical resistors fed by supply voltage of 10 volts,



126

Saturation region

vesO ——

operating point with V1,

vgss
vgs4
operating point with V,
vgs3
52
vgsl \
vas0O >
Vds
10 (volts)

Fig4.2
Operating points locations with two different values of control voltage V. at node 1 of Fig. 4.1,
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Fig.4.3

Block diagram for the proposed model of the OTA.
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which is very near to the linear region and this will cause the circuit to work improperly. To
keep the operating point close to A, the W/L ratio may be doubled i.e. doubling the gate
width of both Q1 and Q2 MOSFETs. Fig.4.2 shows that it is possible to increase the value
of the common current /., to 20uA while the DC operating point stays at point A using
this method. However this method will lead to more power consumption and more chip
area in VLSI implementation.

The block diagram of the proposed OTA model suitable for employing the NCMOS
current mirrors developed in this thesis is shown in Fig.4.3. The differential amplifier in
this OTA model has two independent loads, current mirrors CM1 and CM2. The unity gain
current mirror CM3 is used to convert the current sourcei', from a source version to a sink

version, to allow subtraction from the current {',. The output current can be written as:
i, =4GB-v(V,+Vy) 4.5)
where G is the current gain for each of current mirrors CM1 and CM2.

The value of g, can be written as:

8n = 7o = 4GBV, = 26K, (V, +Vp,) 4.6)

The advantage of this circuit is that the operating point of the difference amplifier
will remain unaffected when the range of g,, is varied, by say, variation of G. The value of
G can be increased either by increasing the sizes of the output MOSFET: of both current
mirrors CM1 and CM2, or by using the NCMOS current mirrors developed in this thesis.
The first approach has the disadvantage of the MOSFET area increasing. It is also sensitive
to the implementation problems, such as misalignment, discussed in chapter 1. Further this

will create an offset output current without any signal being applied depending on the angle

e ™
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of implementation for each current mirror and inequality in AX and AY of the masks
misalignment. The transconductance will be affected by this current and its range of
linearity will be shifted by this amount. The second approach is attractive as it dose not
suffer from these disadvantages because of using equal size¢ MOSFETs. The circuits using
this approach have a disadvantage of the well capacitance which needs to be considered

during the design. This capacitance will appear connected to the source of each MOSFET.

The NCMOS current mirror circuit which is used for CM1 and CM2 is the best
source version with a gain greater than unity Referring to chapter 2, this NCMOS current
mirror is type IIIb because of its superior performance with respect to the other current
mirrors of the same type. The current mirror CM3 is a regular NMOS current mirror with
a unity cusrent gain and the type “modified wilson current mirror” is selected. The complete

circuit diagram is shown in Fig.4.4.

4.1 DESIGN OF THE OPERATIONAL TRANSCONDUCTANCE AMPLIFIER

The electronic circuit design consists of two main steps. The first one is the D.C.
analysis while the next one will be the A.C. analysis. The OTA circuit shown in Fig.4.4 has
to be analyzed in D.C. and A.C. The D.C. analysis will show the steady state operating
condition of this circuit i.e. it gives the operating point of the difference amplifier and the
D.C. operating currents of the current mirrors and current source according to the designed
values. The A.C. analysis will give the maximum A.C. operating range of the output current
of this circuit depending on the small signal circuit parameters of the MOSFET models
used. It also gives the 3dB and the maximum operating (cutoff) frequencies of the OTA

circuit.

4.2 D.C. ANALYSIS

The D.C. analysis treats the operational transconductance amplifiers as consisting of

two main circuits, a difference amplifier in the input stage and the current mirror(s) in the
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Difference amplifier circuit (a) Basic structure (b) MOSFET implementation.
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output stage. Its biasing comes through an active load voltage divider and a current mirror

to create the required current source for the aifference amplifier.

4.2.1 D.C. ANALYSIS OF THE DIFFERENCE AMPLIFIER

The basic structure of a difference amplifier is shown in Fig 4.5a. The current source
I¢om can be implemented by using a single MOSFET (Qc) with a D.C. control voltage
applied to its gate as shown in Fig.4.5b. The two MOSFETs Q1 and Q2 are identical and
their source terminals are connected together. This arrangement make drain currents / j and

I equals, provided Q! and Q2 are in DC saturation.

Assume that the MOSFET Qc works in the saturation region acting as a current
source to obtain the common current /,,,,, with a value equal to 10 A, Assume also that the

NMOS transistor Qc has a W/L ratio equal to 1. The control voltage Vgsc = Vo - Vg will

21 20

Since both Q1 and Q2 MOSFETs are identical, they will share equally the common

be equal to:

current /., and their drain currents /| and /, will be SA. These two transistors are also
supposed to work in the saturation region. Consequently, their gate to source voltages V)

and V¢ are equal to each other and their value are given by:

Vv = ’2—1—1+V =JT-§+O7= 12v =V 4.8)
GS1 Kn Tn 40 . GS2

The previous voltages are the D.C. levels of the circuit when the A.C. input signal is
supposed to be equal to zero. If the circuit of Fig.4.1 is used to get an output current, then

the maximum positive output current will occur when the current /; is equal to zero. Hence,

Tomax = T2max=0 = I om = 10pA (4.9)
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This limit of D.C. output current can considered roughly the same as the limit for the
A.C. signal. The transconductance for this circuit at this level of common current source

(U om = 100A) will be:
dig 2xdi,
™" Ovgss  9Vgss

g =4:B- (vgeo—Vy) =560 (4.10)
The transconductance g,, can be increased by increasing the common reference

current. This can be done even by increasing the D.C. control voltage V. of the current

source /,,p,, or through increasing the size of the MOSFET Qc, i.e. the ratio WIL is selected

to be greater than unity. These techniques will lead to an increase in the voltage Vg2 and

consequently, to an increase in the transconductance g,,.

For the previous values of difference amplifier, if the structure of Fig.4.3 is used, the
maximum D.C. output current will also be equal to 10iA and the same g, will be achieved.
In addition to the previous two ways of increasing the transconductance g,,,, we now have
a third way of increasing g,,. This is accomplished by increasing the current gain of both
current mirrors CM1 and CM2 from unity to G which can be achieved by using the
NCMOS current mirrors without increasing the size of the current mirror MOSFETS. If the

value of the current gain G is set to K" then the transconductance value will be:
8'm =4G B (vgsy—Vy) = K" 4-B- (vg5o—- V) =K, (4.11)

K
where K is the MOSFET transconductance ratio which is equal to — = 3.34 and n is the

K,

number of the NCMOS current mirrors cascaded. The number n for circuit of Fig.4.3 is

equal to 1 then:

g, = K__" 8n = 3.34 X565 = 187U (4.12)
p

This is a remarkable increase in g,,,, achieved without increasing the current mirror

size or the control voltage V.
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4.2.2 CURRENT MIRRORS AND CURRENT SOURCES
In section 4.0 it is mentioned that the current mirror circuit to be selected for CM1
and CM2 is the Type IIIb NCMOS current mirror. The D.C. analysis for them is given in
Chapter 2 and the final current ratio expressions are given in Table 2.1. CM3 current mirror
is a regular unity gain current mirror. The modified Wilson current mirror is selected for
this element. The current source connected to the source terminals of both Q1 and Q2
MOSFETS is represented by a a single MOSFET Qc as shown in Fig.4.5b. The voltage V,
for a certain designed value can be delivered from a voltage divider consisting of
MOSFETs in series. The combination of the divider with Qc MOSFET acts as a simple

current mirror of Type Ia NCMOS current mirror.

4.3 AC ANALYSIS OF THE OTA
An important parameter in MOSFET devices is the transconductance. It is derived in

saturation region by differentiating the MOSFET drain current equation with respect to the

gate voltage Vgg, which leads to:

HoCox

8m = 2BUvgs—Vy) = 2 (vgs= V) (4.13)

According to the idealized theory, the drain current remains constant for any drain
voltage beyond pinchoff. This means that the drain resistance is infinite in the saturation
region. However, all experimental MOSFETS shows a finite slope in their drain current-
voltage characteristics in this region, (Fig. 4.2). Therefore, we define the drain resistance

in the saturation region as:
rys = rq(sat) = =— (4.14)

vg, = constant

The drain resistance in the su.uration region can be obtained graphically from the

drain characteristics shown in Fig. 4.2.
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An equivalent small signal circuit of the MOSFET is shown in Fig.4.6. The gate to
drain capacitance Cy usually dominates the high frequency response because of the Miller
effect[26]. The gate to source capacitance C also has an effect on the cutoff frequency.
The Maximum operating frequency or cutoff frequency f,, is defined as the frequency

beyond which the transistor no longer amplifies the input signal.

G Cad D
| .
Cyl Tds = Cbd to substrate
c.. = &mVe (W = e —
&s r - .
T “sb

(%)

Fig.4.6
Small signal model of a MOSFET(26).

It is noted that a large mobility and a short channel length are required to achieve a

high cutoff frequency[26].
The gate capacitance outside the saturation regionl defined as:
Cos*+Cpq = Cg = WLC,, = the gate capacitance (4.15)

while in the saturation region the dominant capacitive effect is that of the gate-source ca-

pacitance, and its value is given by:

Cps = 067xCq = 0.67xC,, xWxL (4.16)

1. Cgs + ng # WLCDX in the saturation region{20].
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The gate-drain capacitance starts to affect in the linear region and its value is equal to

gate-source capacitance in this region,[4]. It is given by:
Cos = 05C; = 05xC,, xWXL = Cyq 4.17)

Assuming all MOSFETs have the same gate capacitance (C), the small signal circuit

model of the OTA is shown in Fig. 4.7. The cutoff frequency of this circuit can be derived

as follows.

The small signal high frequency input current to the MOSFET Q2 in difference am-

plifier is:
. vgsZ
lind =~ (4.18)
(E' +r,)
where r, is the output resistance of the MOSFET Qc. The output current of this stage is

equal to:

The current ratio of this stage becomes:

i
g x(X4r) (4.20)
Lind SC

where i;p4 is the input current and iy is the output current of difference amplifier.

The AC current to voltage ratio equals the transconductance of the input MOSFET,

)

= 8m2
vgsZ

The transfer function of this NCMOS current mirror can be written as follows:

LI 4

) 8m7

— = 421
iy, gumt3dsc+1/(ryi5) @.21)
where g,,7 is the transconductance at drain current of SpA.
The NMOS current mirror transfer function can be defined as follows:
i n
2 = Emi2 (4.22)

i) " gmztasc+1/(ry;)
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The OTA small signal high frequency transfer function will be the multiplication of

the previous three transfer functions i.e.:

ioul gm12 gm'l
o _ . 423
Vi M g s+ 1/ () Ba ¥ 3T5CH+ 17 (T ) (4.23)

The denominator of this transconductance is a second order equation and the 3 dB

frequency , defined as the frequency at which the output current is reduced 1o 0.707 of its

low frequency value. The variables given in egn. (4.23) has the following values:

rqs7 =4.17 MQ (from the HSPICE MOSEFT model, at the operating current value).
rds12 = 3.4 MQ (from the HSPICE MOSEFT model, at the operating current value).
C =0.6 C,, = 0.005 pF for minimum gate size in the 3 micron technology.

g8m71 = &m2 = 10Uy for differential pair and input stage of NCMOS current mirror.

8mi2 = 22 gyfor NMOSFET in NCMOS current mirror and NMOS regular current

mirror.

Substituting these values in eqn. (4.23), the 3dB frequency has a value of 45 MHz.
The advantages of the NCMOS current mirrors used in this OTA circuit lie in minimum
area usage and reduced power consumption (by 37%) while keeping the same output
current level. A comparison between the following three cases is given in Table 4.1, where

the following definitions are used with the 3 um CMOS3 DLM model.

1. model #1: OTA circuit with NCMOS current mirrors (gain greater than unity) and
reduced current level in differential amplifier than in model #2 (/,,,,, = 10pA), Vpp = -Ve=

SV.

2. model #2: OTA circuit with regular current mirrors (unity current gain) and differential

amplifier bias current level of (/,,,, = 20uA), Vpp = -Vge=5V.

3. model #3: OTA circuit with regular current mirror (gain greater than unity) and same

differential amplifier bias current level.
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The percent difference in power, area and maximum output current between the three
models under the same current mirror DC output current condition are given in Table 4.2.
It shows the superiority in area saving and power consumption reduction of the OTA circuit
when using the NCMOS current mirror.

A comparison between the frequency response of the three models of OTA is given
in Table 4.3. It shows that model #1 OTA has better range of linearity and good 3 dB
frequency in comparison with the other two models.

Fig. 4.8 shows the VLSI layout of the OTA circuit using the NCMOS current mirrors
given in Fig.4.9. The difference between the OTA circuits shown in Fig. 4.4 and Fig. 4.9 is
the grounded substrate that appears in Fig. 4.9 while a separate substrate for each MOSFET
are used in Fig. 4.4. The complete single-well layout requires (110 x 100 umz) chip areain
the 1.2 micron technology.The development of the VLSI layout for this circuit is facilitated
by the fact that all the MOSFETs are of the same size.

Thus once a single MOSFET file is created, the same file can be recalled repeatedly
to complete the layout procedure efficiently. The node capacitance needs to take care of
when using the twin-tub technology because of the tub capacitance. It is not included here

because of invalidly of this technology at concordia university VLSI lab.

4.4 SUMMARY
An application of the NCMOS current mirrors developed in this thesis in the design

of an OTA circuit is described in this chapter. The special structure of an OTA proposed in
Fig. 4.3 has been discussed with regard to its advantages over the conventional structure
particularly from the point of view of increasing the transconductance value. Three
techniques have been discussed in increasing the value of the transconductance (g,,). The
advantages of using the NCMOS current mirror over the regular current mirrors in
minimization of area and DC power consumption are established. A detailed analysis of the
OTA has been given. The small signal transfer function of the proposed OTA circuit has

been derived to determine the 3dB frequency of this circuit. Finally comparison tables
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between three designs of OTA, for different performance, characteristics, are given to
provide a good idea of the advantages of using the NCMOS current mirrors in analog VLSI
circuits. The values given in tables 4.1 to 4.3 have been derived from the HSPICE, H9007

simulator for the 3 micron technology.
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Comparison between the area, DC power consumption and transconductance
under the same maximum DC output current.

MOSFETsTOTAL | MAXIMUM DC POWER OTA
or;:l gngchT o ﬁ: e C%UJT CONS(gT\‘gI‘ION Transc:)lnguctance
transistors) (HA)
model #1 (NCMOS) 20 36 0.46 53.7
model #2 22 36 0.73 48
model #3 34 36 0.46 55
Table 4.2

Percent increase in total chip area and power consumption when using
the regular current mirror models over the NCMOS models (from HSPICE simulator).

PERCENT INCREASE | prp CENT INCREASE | PERCENT INCREASE
IN TOTAL AREA
OTA CIRCUIT MODEL {no. of minimum size IN MAXIMUM IN POWER
’ . OUTPUT CURRENT CONSUMPTION
transistors) LA) mW)
compare to model #1
model #2 +10% 0% +49%
model #3 +70% 0% 0%
Table 4.3

A comparison in frequency response and input voltage range of
the three models of current mirrors (from HSPICE simulator).

OTA CIRCUIT MODEL | 3dB frequency (MHz) | Cutoff frequency (MHz) | input voltage range (V)
model #1 (NCMOS) 71.3 326 0.8
model #2 161 405 0.5
model #3 36 264 0.65
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Fig. 4.8
A VLSI Layout for the OTA Using NCMOS current mirrors with grounded substrate.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

This thesis presents novel current mirror designs for efficient implementation in
VLSI MOS technology. Two main factors are generally considered in VLSI design of a
chip, i.e., the area and the anticipated power consumption of the chip. Consequently, the
minimization of the above two parameters in the VLSI design of NCMOS current mirrors
has been considered.

In this thesis, twelve different current mirrors (sinks & sources) with current ratio
greater than as well as less than unity, have been presented. The process of obtaining these
structures follows an approach that eliminates the mask misalignment effects and reduces
the area of the current mirror simultaneously. The design technique is portable in the sense
that it can be applied to any present or future VLSI technology of any size.

The analysis and simulation of the twelve different current mirror circuits considered
in chapter 2 have established a methodology of using the K- factor in designing an
“NCMOS current mirror” with minimum area. The stability of NCMOS current mirror
circuit designs has been improved by 10% to 20% when employing negative feedback
profitably. Further modifications in the design have been proposed to improve the
performance of these circuits.

Analysis of the output impedance shows that the last six NCMOS current mirrors are
superior to the first six because of their output stage designs. These output stages do not
have any diode-connected MOSFET. A set of numerical results as given in Table 2.5 shows
that the last six NCMOS current mirrors have output impedances in the range of 43.84 MQ

to 297.16 MQ, while for the first six their range lies between 2 MQ and 18.79 MQ.
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A statistical study of the errors in the output current, caused by time-independent
random differences in the parameters of the MOSFET device, has been carried out. The two
most important time-independent parameters, the transconductance and threshold voltage,
are selected for this study. This study shows that, due to device type and the K factor ratio
of the NCMOS current mirror, the percentage error in output current of the NCMOS current
mirrors with a current gain greater than unity is higher than the one with current gain less
than unity. The maximum percentage error in output current due to device mismatch is
approximately 4.8% and 16.2% for current mirrors with gains less than unity and greater
than unity, respectively.

An implementation technique suggesting an industrial fabrication of these NCMOS
current mirror circuits has been discussed.

A method of increasing the current gain of the NCMOS current mirrors by cascading
them has been presented. A voltage control technique has also been described for varying
the current ratio of the NCMOS current mirror circuits. The analysis and simulation of
these NCMOS current mirrors with their control circuits show the effectiveness of the
technique in controlling the output current. Four circuits are selected, based on their
superior performance, to show the analysis in details. However, tabular analysis results
have been provided in tabular form for all the circuits. Analysis and HSPICE simulation
results show that most of these NCMOS current mirrors have good response to the control
technique. The output current can be reduced to 2% of its maximum value as a best case
while the control MOSFET stays in saturation region.

An application of the NCMOS current mirrors has been considered in the design of
an OTA circuit. The special structure of an OTA, shown in Fig. 4.3 has been discussed with
regard to its advantages over the old structure from the point of view of increasing the
transconductance without affecting the dynamic range of operation. Three techniques have

been shown to increase the value of the transconductance (g,,,). The advantages of using the
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NCMOS current mirror instead of the conventional current mirrors in reducing area and DC
power consumption have been shown clearly. An AC analysis with the small signal model
has bezn used to derive the transfer function of the OTA circuit and then to determine the
3-dB frequency of this circuit. Finally, a table comparing the three models has been given
that shows the advantages in saving area and power when using the NCMOS current
mirrors in analog VLSI circuit design.

A layout of the OTA circuit using a single-well, 1.2 pum technology has been
developed to show the suggested MOSFET cclls structure and its advantage over the
conventional cells. The single-well technology has been used instead of the twin-tub
because the latter technology is not supported by the facilities provided by the CMC
(Canadian Microelectronic Corporation). The limitations of the proposed NCMOS current
mirrors comes through the nonlinearty at low current level, the fixed current gain and the

well capacitance of the MOSFETs used.

FUTURE WORK

The current mirror models proposed in this thesis can be used to enhance the
performance of various circuit designs. In this thesis we have considered an application,
namely for a continuous-time OTA circuit design.

A discrete-time[27] control technique is suggested for future investigation in order
to perform a linear controllable g, from the OTA.

Another challenging area in VLSI technology is neural network based analog
implementation [28-33]. The study of the design of a current mode neuron can be done
based on using the NCMOS current mirrors. This will improve the structure of the neural
network. Still there are a few problems related to the minimization of chip area and power
consumption, which has to be tackled if the current mirror design is to be optimized. This,

however, will require a further investigation and research.
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APPENDIX A

HSPICE AND FORTRAN-77 PROGRAMS

A.0 INTRODUCTION

This Appendix consists of two parts. The first part will cover the programs used as
an aid to analysis in getting data of current mirrors parameters. These programs are written
in FORTRAN77 language. It translates the equations given in Tables 2.1 and 3.1 into data
to for the seek of obtaining the transfer functions graphs using the X-graph software. It is
also used to find a numerical values for the control voltage bounds for each of these CMOS

current mirrors.

The second part consist the HSPICE simulating programs for these CMOS currcat
mirrors and their control circuits to get there response according to the MOSFETs mudels
implemented inside the HSPICE simulator. It also include the ac simulating program for

the OTA model given in Chapter 4.
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*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
Ia CMOS current mirror.
* vgsl=vgs2=vdsl=vr
read(5,7) Ir
7 format (£6.2 )
write (6,*) ' Irl Ratio
write (6,*) ' ~~c «c---
do 20 alIr =1, 70 , 1
do 21 vr = .81 , 4.26 , .001
x1 = 6% ((vr - .8)**2)*(1 + .03* vr)
if (abs(aIr-x1).gt.0.01) goto 21
*assume the voltage Vds=10 volts. which is nearst to the spice simulation
yl = 20*% ((vr - .7)**2)*(1 + .01* 10)
al = yl / alIr
Ratio = 0.3 * al
write (6,25) alIr , Ratio

Al

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop
end

*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
Ib CMOS current mirror.
* vgsl=vgsi=vdsl=vr
read(5,7) alr
7 format (f6.2 )
write (6,*)  Ir2 Ratio °
write (6,*) ' === ——e-- N
do 20 alr =1, 70 , 1
do 21 vr = .71 , 2.36 , .01
X2 = 20* ((vr = .7)**2)*{(1 4+ .01* vr)
if (abs(aIr-x2).gt.0.1) goto 21
*Assuming Vsd2=10 volts, which is the nearst value to spice simulation.
y2 = 6* ((vr - .B)**2)*(1 4+ _03* 10)
a2 = y2 / alr
Ratio = 3.33 * a2
write (6,25) alr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop

end
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*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
IIa CMOS current mirror,
* vgsl=vgs2=vdsl=vr

read(5,7) alr

7 format (£6.2 )
write (6,*) ' Ir3 Ratio °
write (6,*) Y ——= —-eea ‘

do 20 air =1, 70 , 1
do 21 vr = .71, 2.36 , .005
%3 = 20%((vr = .7)**2)*(1 + ,01*(1.55*vr - .44 + .7))
if (abs({alr-x3).gt.0.1) goto 21
y3 = 6* ((vr - .8)**2)*(1 + ,03* vr)
a3 = y3 / alr
Ratio = 3.33 * a3
write (6,25) alIr , Ratio
25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop
end

*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
IIb CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) Ir

7 format (£6.2 )
write (6,*) ' Ir Ratio
write (6,*) ' === —cea- \

do 20 aIr =1, 70 , 1
do 21 vr = .81, 4.26 , .01

x4 = 6* ((vr ~ .B)**2)*(1 + .03%{(2.82* vr - 0.48))
if (abs({alIr-x4).gt.0.1) goto 21
y4 = 20* ((vr - .7)**2)*(1 + ,01* vr)
a4 v4 / alr
Ratio = 0.3 * a{4

write (6,25) aIr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop

end
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*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
I1Ta CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) alr

7 format (£6.2 )
write (6,*) * Ir5 Ratio
write (6,*) v —=ec ——w__ '

do 20 air =1 , 70 , 1
do 21 vr = .71, 2.96 , .001

x5 = 20*((vr = .7)**2)*(1 + ,01*(.55*vr - .44 + .7))
if (abs(aIr-x5).gt.0.05) goto 21
y5 = 6* ((vr - .8)**2)*(1 + ,03* vr)
a5 = y5 / alr
Ratio = 3.33 * a5
write (6,25) aIr , Ratio

25 format ( £B.4, 4x, £6.3)
goto 20
21 cont.nue
20 continue
stop
end

*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
IIIb CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) Ir

7 format (f6.2 )
write (6,*) ¥ Ir Ratio °
write (6,*)  —-= ——--- !

do 20 aIr =1, 70, 1

do 21 vr = .81, 4.26 , .01
X6 = 6% ((vr - .B)**2)*(1 + ,03%(1.82*(vr-.7) + .8))
if (abs(aIr-x6).gt.0.1) goto 21
y6 = 20* ((vr = .7)**2)*(1 + .01* vr)
a6 y6 / alr
Ratio = 0.3 * a6
write (6,25) alr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop

end
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*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
IVa CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) 1Ir

7 format (£6.2 )
write (6,*) Y Ir Ratio
write (6,*) VY === ~mewo \

do 20 aIr =1, 70 , 1
do 21 vr = .81, 4.26 , .01

X7 = 6* ((vr - ,B8)**2)*(1 + .03* vr)
if (abs(aIr-x7).gt.0.1) goto 21
y7 = 20* ((vr = .7)**2)*(1 + ,01* vr)
al = y7 / alr
Ratio = 0.3 * a7
write (6,25) aIr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop
end

*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
IVb CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) alr

7 format (£6.2 )
write (6,*)  Ir8 Ratio °
write (6,*) Y = —-—-- N
do 20 alIr =1, 70, 1
do 21 vr = .71, 2.36 , .01

x8 = 20*% ((vr = .7)**2)*(1 + .01* vr)
if (abs{aIr-x8).gt.0.1) goto 21

y8 = 6* ((vr - .8)**2)*(1 + ,03* vr)
a8 = y8 / alr

Ratio = 3.33 * a8

write (6,25) aIr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop
end
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*program to find the Ratio = Io/Ir for current range 1 to 70uA for Type V
CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) Ir

7 format (£6.2 )
write (6,*) ' Ir9 Ratio’
write (6,*) ' == —cema ’

do 20 aIr =1, 70 , 1
do 21 vr = .81 , 4.26 , .01
X9 = 6* ((vr - .B8)**2)*(1 + ,03* vr)
if (abs(alIr-x9).gt.0.1l) goto 21
y9 = 20* ((vr - .7)**2)*(1 + .01*(vr + .55*(vr-.8) +.7))
a9 = y9 / alr
Ratio = 0.3 * a9 .
write (6,25) alr , Ratio
25 format ( £8.4 , 4x , £8.4)
goto 20
21 continue
20 continue
stop
end

*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
VI CMOS current mirror.
* vgsl=vgs2=vdsl=vr
read(5,7) alr
7 format (£6.2 )
write (6,*) " Irl0 Ratio
write (6,%*) V' =~ —cee- N
do 20 aIr =1, 70 , 1
do 21 vr = .71 , 2.96 , .001
x10 = 20*((vr = .7)**2)*(1 + .01*(.55*vr - .44 + .7))
if (abs(aIr-x10).gt.0.05) goto 21
yl0 = 6* ((vr = ,8)**2)*(1 + ,03*2* vr)
al0 = y10 / alr
Ratio = 3.33 * alo0
write (6,25) alr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop

end
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*Program to find the Ratio = Io/Ir for current range 1 to 70ud for Type
VII CMOS current mirror.
* vgsl=vgs2=vdsl=vr
read(5,7) Ir
7 format (£6.2 )
write (6,*) * Ir Ratio °
write (6,*%) Y ——= ——==-- v
do 20 alr =1, 70, 1
do 21 vr = .81, 4.26 , .01
x11 = 20* ((vr - .7)**2)*(1 + .01* vr)
if (abs(aIr-x11).gt.0.1) goto 21

z11l = sgrt ((1+ .0l*vr)/ (1l + .03*2*vr))
yll = 6* ((vr - .B)**2)*(1 + ,03*(vr + .55*(vr-.7)*z11 +.8))
all = yl1 / alr

Ratio = 3.33 * all
write (6,25) alIr , Ratio

25 format ( £8.4, 4x, £6.3)
goto 20
21 continue
20 continue
stop
end

*Program to find the Ratio = Io/Ir for current range 1 to 70uA for Type
VIII CMOS current mirror.
* vgsl=vgs2=vdsl=vr

read(5,7) 1Ir

7 format (£6.2 )
write (6,*)  Ir Ratio RatioZ2’
write (6,*) ' -== ----= ------ !
do 20 aIr =1, 70, 1
do 21 vr = .81, 4,26 , .01

x12 = 6* ((vr - .B8)**2)*(1 + ,03*(2.82* vr - 0.48))
if (abs(aIr-x12).gt.0.1) goto 21

yl2 = 20* ((vr - .7)**2)*(1 + .01 * 2 * vr)

al2 yl2 / alr

bl2 yl2 / x12

Ratio = 0.3 * al2

Ratio2 = 0.3 * bl2

write (6,25) alr , Ratio , Ratio2

25 format ( £8.4, 4x, f6.3, 4x, £6.3)
goto 20
21 continue
20 continue
stop

end
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* THIS PROGRAM TEST THE C.M. UNDER THE ASSUMPTION OF EQUAL THRESHOLD
VOLTAGES *
* THIS 1S FOR CIRCUITS WITH GAIN GRATER THAN UNITY ***
* THE SQUARE FACTORS WILL BE CANCELLED FROM THE RATIO FACTORS
***x program to find the Io/ K.Ir current ratio with Ir for ccts with cur-
rent gain grater than unity.
read (5,1) vr
1 format (£8.4)
* vr=1
vt=.8
*Type Ia CMOS current mirror.
do 18 vrl1 = 0.81 , 4 , .05
al=(vrl-vt) **2
0I1=20*al* (1+.01*10)
rIl=6*al*(1+.03*vrl)
bl=0Il/(rI1*3.34)
write(6,12) rIl,bl
12 format (2(£8.3, 3x))
18 continue
write(6,*)’ Type Ia °®
write(6,*)’ Ir ratio °
* Type I1Ib CMOS current mirror.
do 48 vr4 = 0.81 , 4 , .05
ad= (vri-vt) **2
0I4=20*a4* (1+.01*vr4)
rI4=6*ad* (1+,.03*(2.82*vr4-,82*vt))
b4=014/(rI14*3.33)
write(6,42) rI4,b4

42 format (2(£8.3,3x))

48 continue
write(6,*)’ Type IIb °
write(6,*)’ Ir ratio

* Type IIIb CMOS current mirror,
do 68 vr6 = 0.81 , 4 , .05
a6=(vr6-vt) **2
0I6=20*a6* (1+.01*vré)
rIe=6*a6* (1+.03*(1.82*vr6-.82*vt))
b6=016/(rI16*3.33)
write(6,62) ri16,bé

62 format (2(£8.3,3x))

68 continue
write(6,*)’ Type IIIb °
write(6,*)’ Ir ratio °

* Type IVa CMOS current mirror.
do 78 vr?7 = 0.81 , 4 , .05
a7=(vr7-vt)**2

0I7=20*a7* (1+.01*vr7)

rI7=6*a7* {1+.03*vx7)

b7=017/(rI7*3.33)
write(6,72) r17,b7

72 format (2 (£8.3,3x))

78 continue

write(6,*)’ Type IVa '
write(6,*)’ Ir ratio®



* Type

92
98

* Type

122
128

V CMOS current mirror.
do 98 vx9 = 0.81 , 4, .05
ad=(vr9-vt) **2
0I9=20*%a%* (1+.01*(1.55*vr9+.45%vt))
rI9%=6*ag9* (1+.03*vr9)
b9= 0I9/(rI9*3.33)
write(6,92) r19,b9S
format (2 (£8.3,3x))

continue
write(6,*)’ Type V °
write (6, *)’ Ir ratio ¢

VII CMOS current mirror.

do 128 vrl2 = 0.81 , 4, .05

al2=(vrl2-vt) **2
0I12=20*al1l2* (1+.01*2*vrl2)
rIl2=6*al2* (1+.03* (vri2+1.82* (vrl2-vt)+vt))
bl2=0I12/(rx12*3.33)

write(6,122) rIl2,bl2

format (2 (£8.3,3x))

continue

write(6,*)’ Type VII ?
write(6,*)’ Ir ratio °
stop

end
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* THIS PROGRAM TEST C.M. UNDER THE ASSUMPTION OF EQUAL THRESHOLD VOLTAGES

*
* THIS PROGRAM FOR CIRCUITS WITH GAIN LESS THAN UNITY *
* THE SQUARE FACTORS WILL BE CANCELLED FROM THE RATIO FACTORS
**% program to find the following relations :
**%# ]1- Jo/Ir ratio with Ir for ccts 3 to 12
**% 2~ fl(vr) with Ir for ccts 3 to 12
read (5,1) vr
1 format (£8.4)
* vr=]
vt=,8
* Type IbCMOS current mirror.
do 28 vr2 = 0.81 , 3, .05
az2=(vr2-vt) **2
0I2=6*a2*(1+.03*10)
rI2=20%a2* (1+.01*vr2)
b2=012/(rI2+*0.3)
write(6,22) ri2,b2
22 format (2(£8.3,3x))

28 continue
write(6,*)’ Type Ib‘
write(6,*)’ Ir ratio °

*Type Ila CMOS current mirror.
do 38 ve3 = 0.81 , 3, .05
a3=(vr3-vt) **2
0I3=6*a3* (1+.03*vxr3)
rI3=20*%a3* (1+.01* (1.55*vr3+.45*vt))
b3=0I3/(rI3*.3)
write(6,32) rI3,b3
32 format (2(£8.3,3x))
38 continue
write(6,*)’ Type IIa '
write(6,*)’ Ir ratio °
* Type II1la CMOS ~urrent mirror.
do 58 vr5 = 0.81 , 3, .05
ab5=(vrS-vt) **2
0I5=6*a5* (1+.03*vr5)
rI15=20*a5* (1+.01*(.55*vrS5+.45*%vt))
bS5=015/(rI5*.3)
write(6,52) rIS5,bs
52 format (2(£8.3,3x))

58 continue
write(6,*)’ Type IIIa ‘}
write(6,*)’ Ir ratio ©

* Type IVb CMOS current mirror.
do 88 ve8 = 0.81 , 3 , .05
a8=(vr8-vt) **2
oIB8=6*aB* (1+.03*vr8)
rI8=20*a8* (1+.01*vr8)
bB=018/(r18*.3)

write(6,82) ri18,b8
82 format (2(£8.3,3x))
88 continue
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write(6,*)’ Type IVb °
write(6,*)’ 1Ir ratio
* Type VI CMOS current mirror.
do 108 vrl0 = 0.81 , 3, .05
all0=(vrl0=-vt) **2
0I10=6*al0* (1+.03*2*vrl0)
rI10=20*al0* (1+.01* (1.55*vr10+.45*vt))
bl10=0I10/(r110*,3)
write(6,102) xI10,bl0
102 format (2 (£8.3, 3x))
108 continue
write(6,*)’ Type VI °
write(6,*)’ Ir ratio °
* Type VIII CMOS current mirror.
do 118 vrl1ll = 0.81 , 3, .05
all=(vrll-vt) **2
f=((1+.01*vrll)/(1+.06%*vrll)) ** 5
0Ill=6*all*(1+.03* (vrll+l.82*f*(vrll-vt)+vt))
rIll=20*all*(1+.01*vrll)
bll=0I11/(rIl1*.3)
write(6,112) r1ili,bll
112 format (2(£8.3,3x))
118 continue
write(6,*)’ Type VIII °
write(6,*)’ Ir ratio °
stop
end
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* HSPICE program to test the variation of Io wrt Ir variation for differ-
ent CMOS current mirror (sink) *
*

** HSPICE model for Type Ia CMOS current mirror **
ml 4 4 2 2 p 1=3u w=3u

m2 52 4 4 n 1=3u w=3u

*

** HSPICE model for Type Ila CMOS current mirror **
m31 32 33 4 4 n 1=3u w=3u

m32 4 4 33 33 p 1=3u w=3u

m33 35 32 33 33 n 1=3u w=3u

*

** HSPICE model for Type IIIa CMOS current mirror **
m21 26 23 4 4 n 1=3u w=3u

m22 4 4 23 23 p 1=3u w=3u

m23 25 22 23 23 n 1=3u w=3u

m24 22 22 26 26 n l=3u w=3u

*

** HSPICE model for Type IVa CMOS current mirror **
mll 4 4 16 16 p 1=3u w=3u

ml2 13 16 4 4 n 1=3u w=3u

ml3 15 12 13 13 n 1=3u w=3u

ml4 16 16 12 12 p 1=3u w=3u

*mcl 12 7 1 1 p 1=3u w=3u

*

** HSPICE mcdel for Type V CMOS current mirror **
m4l 4 4 46 46 p 1=3u w=3u

m42 43 46 4 4 n 1=3u w=3u

m43 45 42 43 43 n 1=3u w=3u

md4 42 43 46 46 n 1=3u w=3u

*

** HSPICE model for Type VI CMOS current mirror **
m51 56 56 4 4 n 1=3u w=3u

m52 4 56 53 53 p 1=3u w=3u

m53 55 52 53 53 n 1=3u w=3u

m54 52 53 56 56 n 1=3u w=3u

X

-MODEL p PMOS (LEVEL=2 VT0=-0.8 KP=12E-6 GAMMA=0.6 PHI=0.6 LAMBDA=(0.03
+ RD=100 RS=100 PB=0.6 CGSO=2.5E-10 CGDO=2.5E-10 CGBO=5.0E-10 RSH=80
+CJ=1.3E~4 MJ=0.6 CJSW=4.0E-10 MJSW=0.6 JS=1.0E-5 TOX=5.0E-8 NSUB=5.0E15
+ NSS=0 NFS=0 TPG=1 XJ=5.0E-7 LD=2.5E-7 U0=250 VMAX=0.7E5)

*

-MODEL n NMOS (LEVEL=2 VTO0=0.7 KP-40E-6 GAMMA=1.1 PHI=0.6 LAMBDA=0,01
+ RD=40 RS=40 PB=0.7 CGSO0=3.0E-10 CGDO=3.0E-10 CGBO=5.0E-10 RSH=25

+ CJ=4.4E-4 MJ=0.5 CJISW=4.0E~10 MJISW=0.3 JS=1.0E~-5 TOX=5.0E-8

+ NSUB=1.7E16 NSS=0 NFS=0 TPG=1 XJ=6.0E-7 LD=3.5E-7 UO=775 VMAX=1.0ES)
*

vdd 1 0 de 5
vss 4 0 dc -5
*

viol 1 5
vio3 1 35
viob 1 25
vio7 1 15
viod9 1 45
violl 1 55
A

vic0 7 2

vicl 17 12
vice 27 22
vie3 37 32
vic4d 47 42
vich 57 52

*



1 7 pwl(0 0 10us 10u 300us 300u)

irco

ircl 1 17
irc2 1 27
ire3 1 37
ircd 1 47
ire5 1 57
.tran 1lus

pwl (0
pwl (0
pwl (0
pwl (0
pwl (0
300us

[>NoRoNeNe)

10us
10us
10us
10us
10us

10u
10u
10u
10u
10u

.option nomod limpts=4000
.option post dcon=2

.end

300us
300us
300us
300us
300us

300u)
300u)
300u)
300u)
300u)
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* HSPICE program to test the variation of Io wrt Ir variation for differ-
ent CMOS current mirrors (source) *

*+ HSPICE model for Type Ib CMOS current mirror **
ml 4 4 2 2 n 1=3u w=3u

m2 5 2 4 4 p 1=3u w=3u

**

** HSPICE model for Type IIb CMOS current mirror **
m31 32 33 4 4 p 1=3u w=3u

m32 4 4 33 33 n 1=3u w=3u

m33 35 32 33 33 p 1=3u w=3u

* %

**» HSPICE model for Type IIIb CMOS current mirror **
m21 26 23 4 4 p 1=3u w=3u

m22 4 4 23 23 n 1=3u w=3u

m23 25 22 23 23 p 1=3u w=3u

m24 22 22 26 26 p 1=3u w=3u

xR

** HSPICE model for Type IVb CMOS current mirror **
mll 4 4 16 16 n 1=3u w=3u

ml2 13 16 4 4 p 1=3u w=3u

mi3 15 12 13 13 p 1=3u w=3u

ml4 16 16 12 12 n 1=3u w=3u

xR

** HSPICE model for Type VII CMOS current mirror **
m4l 4 4 46 46 n 1=3u w=3u

m42 43 46 4 4 p 1=3u w=3u

m43 45 42 43 43 p 1=3u w=3u

m44d 42 43 46 46 p 1=3u w=3u

* *

#%  HSPICE model for Type VIII CMOS current mirror **
m51 56 56 4 1 p 1=3u w=3u

m52 4 56 53 53 n 1=3u w=3u

m53 55 52 53 53 p 1=3u w=3u

m54 52 53 56 56 p 1=3u w=3u

*

.MODEL p PMOS ( LEVEL=2 VTO=-0.8 KP=12E-6 GAMMA=0.6 PHI=0.6 LAMBDA=0.03
4+ RD=100 RS=100 PB=0.6 CGSO=2.5E-10 CGDO=2.5E-10 CGBO=5.0E-10 RSH=80
1CJ=1.5E-4 MJ=0.6 CJISW=4.0E-10 MISW=0.6 JS=1.0E-5 TOX=5.0E-8 NSUB=5.0E15
+ NSS=0 NFS=0 TPG=1 XJ=5.0E~7 LD=2.5E-7 U0=250 VMAX=0.7E5 )

*

.MODEL n NMOS (LEVEL=2 V 7=0.7 KP=40E-6 GAMMA=1.1 PHI=0.6 LAMBDA=0.01

+ RD=40 RS=40 PB=0.7 CGSC 1.0E-10 CGDO=3.0E-10 CGBO=5.0E-10 RSH=25

+ CJ=4.4E-4 MJ-0.H CJSW=4 JLE-10 MJISW=0.3 JS=1.0E-5 TOX=5.0E-8

+ NSUB=1.7E16 NSS=0 NFS=0 TPG=1 XJ=6.0E-7 LD=3.5E~7 U0=775 VMAX=1,0E5)
vdd 4 0 dc 5

vss 1 0 dc -5

*x

vio2 5 1
vio4 35 1
viob 25 1
vio8 15 1
violl 45 1
viol2 55 1
*

vic0 2 7

vicl 12 17

vic2 22 27

vic3 32 37

vicd 42 47

vich 52 57

R

irc0 7 1 pwl(0 0 1Qus 10u 300us 300u)
frcl 17 1 pwl(0 0 10us 10u 300us 300u)
irec2 27 1 pwl(0 0 10us 10u 300us 300u)



irc3 37 1 pwl(0 0 10us 10u 300us 300u)
ircd 47 1 pwl(0 0 10us 10u 300us 300u)
irc5 57 1 pwl(0 0 10us 10u 300us 300u)
*

.tran lus 300us

.option nomod limpts=4000
.option post dcon=2

.end
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* HSPICE program to test the variation of Io wrt Vc variation for differ-
ent CMOS current mirror (sink)*
* This program for the controllable CMOS current mirror.

*

** HSPICE model
ml
m2
mc
*
** HSPICE model
m31 32 33 4 4 n
m32 4 4 33 33 p
m33 35 32 33 33
mc3 32 37 4 4 n
*

5 2
27 44n

** HSPICE model
m21 26 23 4 4 n
m22 4 4 23 23 p
m23 25 22 23 23
m24 22 22 26 26
mc2 22 27 4 4 n
*

** HSPICE model
mll 4 4 16 16 p
ml2 13 16 4 4 n
ml3 15 12 13 13
mlg4 16 16 12 12
mcl 12 17 4 4 n
*

** HSPICE model
mdl 4 4 46 46 p
m42 43 46 4 4 n
md3 45 42 43 43
m44 42 43 46 46
mcd 42 47 4 4 n
*

** HSPICE model
m51 56 56 4 4 n

for Type Ia CMOS current mirror **

4 4 2 2 p 1=3u w=3u
4 4 n 1=3u w=3u
1=3u w=3u

for Type IIa CMOS current mirror **
1=3u w=3u

1=3u w=3u

n 1=3u w=3u

1=3u w=3u

for Type IIIa CMOS current mirror **
1=3u w=3u

1=3u w=3u

n 1=3u w=3u

n 1=3u w=3u

1=3u w=3u

for Type IVa CMOS current mirror **
1=3u w=3u

1=3u w=3u

n 1=3u w=3u

p 1=3u w=3u

1=3u w=3u
for Type V CMOS current mirror **
1=3u w=3u

1=3u w=3u

n 1=3u w=3u

n 1=3u w=3u

1=3u w=3u

for Type VI CMOS current mirror **
1=3u w=3u

m52 4 56 53 53 p 1=3u w=3u

m53 55 52 53 53
m54 52 53 56 56
mcS 52 57 4 4 n
*

.MODEL p PMOS (
+ RD=100 RS=100
+CJ=1.5E-4 MJ=0.

n 1=3u w=3u
n 1=3u w=3u
1=3u w=3u

LEVEL=2 VTO=-0.8 KP=12E-6 GAMMA=0.6 PHI=0.6 LAMBDA=0.03
PB=0.6 CGS0=2.5E-10 CGD0=2.5E-10 CGBO=5.0E-10 RSH=80
6 CISW=4.0E-10 MJSW=0.6 JS=1.0E-5 TOX=5.0E-8 NSUB=5.0E15

+ NSS=0 NFS=0 TPG=1 XJ=5.0E-7 LD=2.5E-7 U0=250 VMAX=0.7E5 )
*

.MODEL n NMOS (LEVEL=2 VT0=0.7 KP=40E-6 GAMMA=1.1 PHI=0.6 LAMBDA=0.01
+ RD=40 RS5=40 PB=0.7 CGSO=3.0E-10 CGDO=3.0E-10 CGBO=5.0E-10 RSH=25

+ CJ=4.4E-4 MJ=0.5 CJSW=4,.0E-10 MJSW=0.3 JS=1.0E-5 TOX=5.0E-8

+ NSUB=1.7E16 NSS=0 NFS=0 TPG=1 XJ=6.0E-7 LD=3,5E-7 U0=775 VMAX=1.0ES)

vdd 1 0 dc &
vss 4 0 dc -5
A

viol 1 5
vio3 1 35
vio5 1 25
vio7 1 15
vio9 1 45
viol0 1 55
k]

vic0 8 2

vicl 18 12



vic2
vic3
vicd
vich
*
irecO
ircl
ire2
ire3
irc4d
ires
*
vcO
vel
vc2
vc3
vcé
veS
*

18 dc 40u
28 dc 120u
38 de 120u

48 dc 40u

58 de 120u

7 4 pwl(0 0 10us 1lv S500us 5v)

17
27
37
47
57

4 pwl(0
4 pwl(0
4 pwl{(0
4 pwl(0
4 pwl(0

.tran 5us 500us

.option nomod limpts=4000

OCOO0OOO

10us
10us
10us
10us
10us

.option post dcon=2

.end

1v
1v
1v
1v
1v

500us
500us
500us
500us
500us

Sv)
5v)
Sv)
S5v)
Sv)
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* HSPICE program to test the variation of Io wrt Vc variation for differ-
ent CMOS current mirror (source)*

* This program for the controllable CMOS current mirrcr,
12 2222832322222 222222222 X223 2 22 22222t t Rl s 2 s s 2y

*

** HSPICE model for Type Ib CMOS current mirror **
ml 442 2 n 1=3u w=3u

m2 52 4 4 p 1=3u w=3u

mc0 2 7 4 4 p 1=3u w=3u

*

** HSPICE model for Type IIb CMOS current mirror **
m31 32 33 4 4 p 1=3u w=3u

m32 4 4 33 33 n 1=3u w=3u

m33 35 32 33 33 p 1=3u w=3u

mc3 32 37 4 4 p 1=3u w=3u

*

** HSPICE model for Type IIIb CMOS current mirror **
m21 26 23 4 4 p 1=3u w=3u

m22 4 4 23 23 n 1=3u w=3u

m23 25 22 23 23 p 1=3u w=3u

m24 22 22 26 26 p 1=3u w=3u

mc2 22 27 4 4 p 1=3u w=3u

*

** HSPICE model for Type IVb CMOS current mirror **

mll 4 4 16 16 n 1=3u w=3u

ml2 13 16 4 4 p 1=3u w=3u

ml3 15 12 13 13 p 1=3u w=3u

ml4 16 16 12 12 n 1=3u w=3u

mcl 12 17 4 4 p 1=3u w=3u

*

*** HSPICE model for Type VII CMOS current mirror **
m4l 4 4 46 46 n 1=3u w=3u

m42 43 46 4 4 p 1=3u w=3u

m43 45 42 43 43 p 1=3u w=3u

md4 42 43 46 46 p 1=3u w=3u

mcd 42 47 4 4 p 1=3u w=3u

*

** HSPICE model for Type VIII CMOS current mirior **
m51 56 56 4 4 p 1=3u w=3u

m52 4 56 53 53 n 1=3u w=3u

m53 55 52 53 53 p 1=3u w=3u

m54 52 53 56 56 p 1=3u w=3u

mc5 52 57 4 4 p 1=3u w=3u

viol2 55 1

*

*

.MODEL p PMOS ( LEVEL=Z2 VTO--0.8 KP=12E-6 GAMMA=0.6 PHI=0.6 LAMBDA=0.03
+ RD=100 RS=100 PB=0.6 CGS0=2.5E-10 CGDO=2.5E-10 CGBO=5.0E-10 RSH=80
+CJ=1.5E-4 MJ=0.6 CJISW=4.0E-10 MJSW=0.6 JS=1.0E-5 TOX=5.0E-8 NSUB=5.0El5
+ NSS=0 NFS=0 TPG=1 XJ=5.0E-~7 LD=2.5E-7 U0=250 VMAX=0.7E5 )

*

.MODEL n NMOS (LEVEL=2 VTO=0.7 KP=40E-6 GAMMA=1.1 PHI=0.6 LAMBDA=0.01

+ RD=40 RS=40 PB=0.7 CGS0=3.0E~10 CGD0O=3.0E-10 CGBO=5.0E-10 RSH=25

+ CJ=4.4E-4 MJ=0.5 CJISW=4.0E-10 MJIJSW=0.3 JS=1.0E~-5 TOX=5.0E-8

+ NSUB=1.7E16 NSS=0 NFS=0 TPG=1 XJ=6.0E-7 LD=3.5E-7 U0=775 VMAX=1.0ES)
*

vdd 4 0 dec S

vss 1 0 dc -5

*

vice2 51

vio4d 35 1
vio6 25 1
vio8 15 1
violl 45 1



viol2 55 1
*

vicO 2 8

viecl 12 18

vic2 22 28

vic3 32 38

vicd 42 48

vich5 52 58

irc0 8 1 dc 120u

ircl 18 1 dec 120u
irc2 28 1 dc 40u

irc3 38 1 dc 40u

irc4 48 1 dc 120u
irc5 58 1 dec 40u

vcO0 7 4 pwl(0 0 10us -1v 700us =-7v)

vcel 17 4 pwl(0 0 10us -1v
veZz 27 4 pwl(0 0 10us -1v
vc3 37 4 pwl(0 0 10us -1v
vcd 47 4 pwl(0 O 10us -1v
ve5 57 4 pwl(0 0 10us -1v
.tran 5us 700us

.option nomod limpts=4000
.option post dcon=2

.end

700us
700us
700us
700us
700us

=7v)
~-Tv)
=7v)
=T7v)
=7v)
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**** ogperational transconductance amplifier model #1 (CMOS)**
** program to test the ac analysgig #*#**#*x
** designed power; designed gm (output current); designed area ***x*
** differential pair ****

ml 14 26 8 8 n 1=3u w=3u

m2 48 27 8 8 n 1=3u w=3u

** current source ***

ml0 8 6 25 25 n 1=3u w=3u

*** current mirror 1 ***

m20 15 16 1 1 p 1=3u w=3u

m21 14 14 15 1 p 1=3u w=3u

m22 1116 16 n 1=3u w=3u

m23 17 14 16 1 p 1=3u w=3u

**% current mirror 2 ***

m24 19 20 1 1 p 1=3u w=3u

m25 18 18 19 1 p 1=3u w=3u

m26 1 1 20 20 n 1=3u w=3u

m27 41 18 20 1 p 1=3u w=3u

** % current mirror 3 **x

m28 23 23 25 25 n 1=3u w=3u

m29 17 17 23 25 n 1=3u w=3u

m30 22 23 25 25 n 1=3u w=3u

m31 51 17 22 25 n 1=3u w=3u

AARAKAANRRAAAR KA A AR RN AR R R AR AR R AR A A A Ak ARk Ak kk ok ok kkkk ok kA kkkhkdkkkkkk ok k k& &
* Kk k

.model p pmos (level=2 vto=-0.8 kp=l2e-6 gamma=0.6 phi=0.6 lambda=0.03

+ rd=100 rs=100 pb=0.6 cgso=2.5e-10 cgdu=2.5e-10 cgbo=5.0e-10 rsh=80
tcj=1.5e~4 mj=0.6 cjsw=4.0e-10 mjsw=0.6 js=1.0e-5 tox=5.0e-8 nsub=5.0el5
+ nss=0 nfs=0 tpg=1 xj=5.0e-7 1ld=2.5e-7 uo=250 vmax=0.7e5)

*

.model n nmos (level=2 vto=0.7 kp=40e-~6 gamma=l.l phi=0.6 lambda=0.01

+ rd=40 rs=40 pb=0.7 cgso=3.0e~10 cgdo=3.0e-10 cgbo=5.0e-10 rcsh=25

+ cj=4.4e~-4 mj=0.5 cjsw=4.0e~-10 mjsw=0.3 js=1.0e-5 tox=5.0e-8

+ nsub=1.7el6 nss=0 nfs=0 tpg=1 xj=6.0e-7 1ld=3.5e-7 uo=775 vmax=1.0e5)

AR AR AR KRR KA AR AR AR AR AR S A AR A AR AN A A A A AR R A A AR AR A AR AR A AR A AR A kAR Ak kA kkokkkk k
xRk

vdd 101 0 dc 5

vss 125 0 dc -5

vcl 6 25 dc 1.35

vn 126 0 ac 1

vp 27 0 dc 0

.ac dec 5 lkhz 300meghz
.print i(vio)

.print i(viin)

vidd 101 1

viss 25 125

vip 18 48

vil 41 21

vi2 21 51

vio 21 61

viin 126 26

ro 61 0 100k
AAAKRKRARARARARA KA K
.option nomod limpts=4000
.option post dcon=1
.end
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**** operational transconductance amplifier model # 2 #*%
** program to test the ac analysis ***x*x
** more power; same gm (output current); same area ***#
** differential pair **xx

ml 14 26 8 8 n 1=3u w=3u

m2 48 27 8 8 n 1=3u w=3u

** current source **x**

mi0 8 6 25 25 n 1=3u w=3u

*** current mirror 1 ***

m20 15 16 1 1 p 1=3u w=3u

m21 14 14 15 1 p 1=3u w=3u

m22 16 16 1 1 p 1=3u w=3u

m23 17 14 16 1 p 1=3u w=3u

*** current mirror 2 *xx*

m24 19 20 1 1 p 1=3u w=3u

m25 18 18 19 1 p 1=3u w=3u

m26 20 20 1 1 p 1=3u w=3u

m27 41 18 20 1 p 1=3u w=3u

*** current mirror 3 **x*

m28 23 23 25 25 n 1=3u w=3u

m29 17 17 23 25 n 1=3u w=3u

m30 22 23 25 25 n 1=3u w=3u

m31 51 17 22 25 n 1=3u w=3u

KAk kA KA A A A AR R AR AR A KA RA A A AR AA KRR A ARAAANKRARAAA AR A ARAR A AN A AAARARAAAAARAAA
* %k k

.model p pmos (level=2 vto=-0.8 kp=12e-6 gamma=0.6 phi=0.6 lambda=0.03

+ rd=100 rs=100 pb=0.6 cgso=2.5e-10 cgdo=2.5e-10 cgbo=5.0e-10 rsh=80
+cj=1.5e-4 mj=0.6 cjsw=4.0e-10 mjsw=0.6 js=1.0e-5 tox=5.0e-8 nsub=5.0el5
+ nss=0 nfs=0 tpg=1 xj=5.0e-7 1d=2.5e-7 uo=250 vmax=0.7e5)

*

.model n nmos (level=2 vto=0.7 kp=40e-6 gamma=1.1 phi=0.6 lambda=0.01

+ rd=40 rs=40 pb=0.7 cgso=3.0e-10 cgdo=3.0e-10 cgbo=5.0e-10 rsh=25

+ cj=4.4e~4 mj=0.5 cjsw=4.0e-10 mjsw=0.3 js=1.,0e-5 tox=5.0e~-8

+ nsub=1.7el6 nss=0 nfs=0 tpg=1 xj=6.0e-7 1d=3.5e-7 uo=775 vmax=1.0e5)
KA KA R A KRR A AR KA AR AR A AR AR AR AR R AR A A AR A AN AR AR AN T A AN RNA AR AR A AR R AR R AANRAANAN
* K

vdd 101 0 dc 5

vss 125 0 dc -5

vel 6 25 dc 2.04

vn 126 0 ac 1

vp 27 0 dc O

.ac dec 5 1lkhz 300meghz
.print i(vio)

.print i(viin)

vidd 101 1

wviss 25 125

vip 18 48

vil 41 21

vi2 21 51

vio 21 61

viin 126 26

ro 61 0 100k
FhkkhkkhkhkhAhhkkkhkk
.option nomod limpts=4000
.option post dcon=1
.end
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**** operational transconductance amplifier model # 3**
** program to test the ac analysis ***x*x
** gsame power; same gm (output current); more area ***x
** differential pair ***x

ml 14 26 8 8 n 1=3u w=3u

m2 48 27 8 8 n 1=3u w=3u

** current source ****

mi0 8 6 25 25 n 1l=3u w=3u

k%% current mirror 1 **%*

m20 15 16 . 1 p 1=3u w=3u

m21 14 14 15 1 p 1=3u w=3u

m22 16 16 1 1 p 1=3u w=10.8u

m23 17 14 16 1 p 1=3u w=10.8u

*** current mirror 2 ***

m24 19 20 1 1 p 1=3u w=3u

m25 18 18 19 1 p 1=3u w=3u

m26 20 20 1 1 p 1=3u w=10.8u

m27 41 18 20 1 p 1=3u w=10.8u

**% current mirror 3 ***

m28 23 23 25 25 n 1=3u w=3u

m29 17 17 23 25 n 1=3u w=3u

m30 22 23 25 25 n 1=3u w=3u

m31 51 17 22 25 n 1=3u w=3u

KAk kg odkok kok ok gk k& Rk %k ko Ak ok gk e dk k ok sk ke d ok ok ok kA gk ok ok ke ok sk vk gk ok ke ke ke %k Tk sk ok ok ok sk ok e ke ke e ok ok ok ok b ok ok Rk ok
* kK

.model p pmos (level=2 vto=-(.8 kp=l2e-6 gamma=0.6 phi=0.6 lambda=0.03

+ rd=100 rs=100 pb=0.6 cgso=2.5e-~10 cgdo=2.5e-10 cgbo=5.0e-10 rsh=80
+cj=1.5e-4 mj=0.6 cjsw=4.0e-10 mjsw=0.6 js=1.,0e-5 tox=5.0e-8 nsub=5.0el5
+ nss=0 nfs=0 tpg=1 xj=5.0e-7 1d=2.5e-7 uo0=250 vmax=0.7e5)

*

.model n nmos (level=2 vto=0.7 kp=40e-6 gamma=1.1 phi=0.6 lambda=0.01

+ rd=40 rs=40 pb=0.7 cgso=3.0e-10 cgdo=3.0e-10 cgbo=5.0e-10 rsh=25

+ cj=4.4e-4 mj=0.5 cjsw=4.0e-10 mjsw=0.3 js=1.0e-5 tox=5.0e-8

+ nsub=1.7el6 nss=0 nfs=0 tpg=1 xj=6.0e-7 1d=3.5e~-7 wo=775 vmax=1.0e5)
AAKA AN AR AR AR AR AR A AR A KARAR A A RRAAA AR AR RARAARA R AR AR AR R AR A A AR A A AR AR A AR ARk kkkkk
A%

vdd 101 0 dc 5

vss 125 0 dc -5

vcl 6 25 dec 1.35

vn 126 0 ac 1

vp 27 0 dc ©

.ac dec 5 lkhz 300meghz
.print i(vio)

.print i(viin)

vidd 101 1

viss 25 125

vip 18 48

vil 41 21

vi2 21 51

vio 21 61

viin 126 26

ro 61 0 100k
AAARA AR R A RA KA KA R
.option nomod limpts=4000
.option post dcon=1l
.end
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* file to check the random error in output current of conventional

sink CM.

* for the current gain of 3)

*set parameters

.param nk=gauss(40u,0.024,3)

.param pk=gauss(12u,0.03,3)

.param nvt=gauss(0.7,0.018,3)

.param pvt=gauss(-0.8,0.033,3)

*

*** Mask implementing error (litho)

.param 11=3u lphoto=.1lu xphotol=gauss (lphoto, .3, 3)

.param wl=3u wphotol=.1u xphotowl=gauss (wphotol, .3, 3)

.param w2=9u wphoto2=.1lu xphotow2=xphotowl

.param photol=xphotol

.param photow=xphotowl

*

* Edge ragedness effect **

.param leff =agauss (11, .02u, 3)

.param weffr=agauss (wl, .02u, 3)

.param weffo=agauss (w2, .02u, 3)

*

*** Mask misalignment error (20%) effect / CHl/page 8 ***

.param leffl=gauss (leff, .2, 3)

.param weffl=gauss (weffr, .2, 3)
.2

.param weff2=gauss (weffo, , 3)
*

ml 2 2 0 0n l=leffl w=weffl

m2 52 0 0n l=leffl w=weff2

.model n nmos level=1 vto=nvt kn=nk lambda=0.000 xl=photol xw=pho-
tow

.model p pmos level=1 vto=pvt kp=pk lambda=0.000 xl=photol xw=phn-
tow

vdd 1 0 dc 5

vic0O 7 2

viol 1 5

irc0 1 7

.dc irc0 4.95u 5.05u 0.02u sweep monte=25
.print dc i(vic0) i(viol) v(2) v(5)

* measurment statements

.meas dc maxval max i(viol)

.meas dc minval min i(viol)

.meas dc avgval avg i(viol)

.meas dc ppval pp i{viol)

.option spice nomod autostop

.option post dcon=2

.end
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* file to check the random error in output current of

*conventional cascode sink CM. for the same current gain

*set parameters

.param nk=gauss{40u,0.024,3)

.param pk=gauss(12u,0.03,3)

.param nvt=gauss(0.7,0.018, 3)

.param pvt=gauss(-0.8,0.033,3)

*

*** Mask implementing error (litho)

.param l1=3u lphoto=.1lu xphotol=gauss (1lphoto, .3, 3)

.param wl=3u wphotol=.lu xphotowl=gauss (wphotol, .3, 3)

.param w2=6u wphoto2=.1lu Xxphotow2=xphotowl

.param photol=xphotol

.param photow=xphotowl

*

* Edge ragedness effect **

.param leff =agauss (11, .02u, 3)

.param weffr=agauss (wl, .02u, 3)

.param weffo=agauss (w2, .02u, 3)

*

*** Mask misalignment error typical (20%). / CHl/page 8 ***

.param leffl=gauss (leff, .2, 3)

.param weffl=gauss (weffr, .2, 3)
.2

.param weff2=gauss (weffo, . 3)
*

mL 33 0 0 n l=leffl w=weffl

m2 4 3 0 0n l=leffl w=weff2

m3 2 2 3 3 n l=1leffl w-weffl

md 5 2 4 4n l=1leffl w-weff2

.model n nmos level=1l vto=nvt kn=nk lambda=0.000 xl=photol xw=pho-
tow

.model p pmos level=1 vto=pvt kp=pk lambda=0.000 xl=photol xw=pho-
tow

vdd 1 0 dc 5

vic0 7 2

viol 1 5

irc0 1 7

.dc irc0 4.95u 5.05u 0.02u sweep monte=25
.print dc i(vic0) i(viol) v(2)

* measurment statements

.meas dc maxval max i(viol)

.meas dc minval min i(viol)

.meas dc avgval avg i(viol)

.meas dc ppval pp i{viol)

.option spice nomod autostop

.option post dcon=2

.end
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* file to check the random error in output current of

* type 1l.a CM.

*set parameters

.param nk=gauss(40u,0.024,3)

.param pk=gauss(12u,0.03,3)

.param nvt=gauss(0.7,0.018, 3)

.param pvt=gauss(-0.8,0.033,3)

*

*** Mask implementing error (litho)/ montc. manual ***
.param 1l1=3u lphoto=.1lu xphotol=gauss (lphoto, .3, 3}
.param wl=3u wphotol=.1lu xphotowl=gauss (wphotol, .3, 3)
.param photol=xphotol

.param photow=xphotowl

*

*Edge ragedness effect /sigma L&W=.01 to .03 um (12],pplda0*+
.param leff=agauss (11, .02u, 3)

.param weff=agauss (wl, .02u, 3)

*

**Mask misalignment error (20%) /CHl/page 8 [NO EFFECT ON THIS (M]

*

ml 0 0 2 2 p 1l=leff w=weff

m2 52 0 0n 1=1eff w=weff

.model n nmos level=1l vto=nvt kn=nk lambda=0.000 xl=photol Xw=pho-
tow

.lnodel p pmos level=1l vto=pvt kp=pk lambda=0.000 xl=photol xw=pho
tow

vdd 1 0 dc 5

vic0 7 2

viol 1 5

ircOo 1 7

.dc ircO0 4.95u 5.05u 0.02u sweep monte=25
.print dc i(vic0) i(viol) v(2) v(H)

* measLrmant statements

.meas dc maxval max i(viol)

.meas dc minval min i(viol)

.meas dc avgval avg i{viol)

.meas dc ppval pp i(viol)

.option spice nomod autostop

.option post dcon=2

.end
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* file to check the random error in output current of
* type IV.a CM sink.

*gset parameters

.param nk=gauss{40u,0.024,3)

.param pk=gauss(12u,0.03,3)

.param nvt=gau.ss(0.7,0.018,3)

.param pvt=gauss(-0.8,0.033,3)

*

*+* Mask implementing error (litho)/ montc. manual ***
.param 11=3u lphoto=.1lu xphotol=gauss (lphoto, .3, 3)
.param wl=3u wphotol=.lu xphotowl=gauss (wphotol, .3, 3)
.param photol=xphotol

.param photow=xphotowl
*

*Edge ragedness effect /sigma L&W=.01 to .03 um [12],ppl40**
.param leff=agauss (11, .02u, 3)

.param weff=agauss (wl, .02u, 3)
*

**Mask misalignment error (20%) /CHl/page 8 [NO EFFECT Ci THIS CM]

*

ml 00 3 3 p l=leff w=weff

m2 4 300 n l=leff w=weff

m3 33 2 2p l=leff w=weff

md 5 2 4 4 n l=leff w=weff

mec 2 80 0n l=leff w=weff

.model n nmos level=1 vto=nvt kn=nk lambda=0.000 xl=photol xw=pho-
tow

.model p pmos level=1 vto=pvt kp=pk lambda=0.000 xl=photol xw=pho-
tow

vdd 1 0 dc 5

ve 8 0 dc 1.407

vicO 7 2

viol 1 5

ircO0 1 7

.dc irc0 24.95u 25.05u 0.02u sweep monte=25
.print dc i(vic0) i(viol) v(2)

* measurment statements

.meas dc maxval max i(viol)

.meas dc minval min i(viol)

.meas dc avgval avg i(viol)

.meas dc ppval pp i(viol)

.option spice nomod autostop

.option post dcon=2

.end
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APPENDIX B

DERIVATION OF THE CURRENT RATIO FOR
SELECTED NCMOS CURRENT MIRRORS

B.0 INTRODUCTION

In this appendix the current ratio formulas for the NCMOS current mirrors described
in Chapter 3 will be derived. This will help us to get much clear idea for sec. 3.2.2 to scee.
3.2.4. Since the analysis of Type V NCMOS current mirror was already discussed in
Chapter 2, it will not be discussed in this Appendix. Only the three remaining NCMOS

current mirrors namely (Type IIb, Type VI and Type VII) will be unalyzed here.

B.1 TYPE IIb NCMOS CURRENT MIRROR (SOURCE) WITH K>1

This NCMOS current mirror, shown in Fig. B.1, is the source version of Type Iia
discussed in Chapter 2. Since the reference current I, is constant, then it will develop a
corresponding voltage Vgi, between the source and the gate of the PMOS transistor ;.
and this voltage will also be impressed across the gate and source of the NMOS transistor
Q,. The output ~urrent /, is pulled by Q,, depending on the values of voltage Ve and

transconductance K.

Assume that MOSFETs Q, Oy and Q3 arc all operating in the saturation region,

then.
For transistor Q;:

Ip =By Vg =V

g2 (1R Vg,) (B.1)

For transistor Q»: ¢

o = By W= Vyy) 2+ MV is2) (B.2)
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For transistor Qs
= - 2, ,
I, = ‘33 - (Ve VTP) (14 lp\ p3) (B.»
Further to minimize the NCMOS current mirror area used in this design, assume

equal size transistors with ratio W/ L =1, Hence:
B, =8, = fze.and B, = %’
The voltage Vpgy = Vpgr = Vg = Vg, and the drain to source voltage of transistor
Q;is
Vspi = Ves2 + Vscr
Combining eqn (B.2) and (B.3) and assuming lI,V_\-,,, << 1, the voltage Vg, can be

written as:

x| X

Vsga= ,f‘—" (Vs = Vi) + VY, (B.4)
l)

Voo
A
B Q2
N
Q1 5}5 ”
3 ¢},,
A CV)

Vs

Fig. B.1
Circuit diagram for Type IIh NCMOS current mirror, (source version) with K > 1
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The assumption KI,VS,,, << 1 should hold over a large range of R; values because of
the negative feedback employed in the circuit. The reason behind the use of this -ve
feedback is similar to the one described in Chapter 2, in conjection with Type Ila NCMOS

current mirror.

The voltage V), will be approximately constant and equal to:

Kn Kﬂ
VSD‘ = VR : ] + 'I—<— - an * K_ + VTP (B.S)
P 14

Substituting eqn. (B.5) into eqn. (B.1), the reference current can be written as:

_ K, ) K, K,
Ip = 5 (Vp=Vp,) 2 |1+, |V | 1+ K_,, -V, fp+VTP (B.6)

Substituting the values of By, Vggp and Vgp, into eqn. (B.3), the output current

becomes:
K

= _" 2
Iyo= 5 (V= V) 2 (T4,Vp) (B.7)

From eqn. (B.7) by eqn. (B.6) the current ratio is easily derived and is equal to:

_’(_, B ﬁ (VI\‘_V‘I'n)Z. (]-H”PVR) (B.8)

I K 2
R P ( VR - VT?) K K
! T+A Ve |1+ FZ —~Vp,- F:*"VTP

The current ratio I, /I in eqn (B.8) is grater than unity and is a function of only one

variable Vi, and it is therefore completely independent of load resistance R; and the output

voltage V,,. as long as @y, Q7 and Q3 operate in the saturation region.

B.2 TYPE VINCMOS CURRENT MIRROR (SINK) WITHK < 1

This circuit shown in Fig. B.2, is one of the best four circuits in its response to control
circuit given in Chapter 3. A separation between the output voltage V,, and the voltage Vgp)

is provided through transistor Q ;. which will also give a negative feedback to the reference
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side transistor Q4. This will keep output current /, stable whenever there is a variation in

the output voltage due to a load variation.

Circuit diagram for Type VI NCMOS current mirror, (sink version) with K < 1

‘ Vss

Fig. B.2

Let all transistors be in the saturation region. Further assume that transistors 0, and

Qg carry the same reference current, while O, and Q; carry the same output current, then:

For transistor Qy:

Ip =8 ]
For transistor Q

(Vg1 = Vea) 2 U+ A, V)0))

. - 2,
(Vgsa=Vra) ©- (1A, Vi)

2
VTp) - (7 +7‘,,VS1)2)

. - 2,
(Vesz = V) < U+ R Vyeq)

(B.Y)

(B.10)

(B.11)

(B.12)
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Since all the MOSFETs used are of the same size, then the values of B’s will be as

tollows;

K, K,
ﬁzzTandﬁ]=B3=B4=—2—,

Because I is common for both MOSFETs Q and Q4 then assuming A,,Vpg; << 1 and

A, Vpse << 1 we have:
Ves12Vse2 = Vesa = Vg

This is reasonable since there is the negative feedback will keep current 7, constant
as long as I, remains constant. The feedback operations is similar to the one discussed in
sec. 2.3 in conjunction with type V NCMOS current mirror.

Now since:

Vivz = Vise + Vesi-

Then by letting V) = Vg, and Combining eqn. (B.11) with eqn. (B.12) we get:

K, (Vp=Vp,) 2 (1+ X 2Vp) = K, - (V3= V)2 (14N, V) (B.13)

Assuming A, V)¢, << | then the voltage Vg, can be written in terms of the reference

voltage as follows:

K
Visa= - (Ve=Vp,) +Vp, (B.14)
n

voltage Vg = Vs + Vigg; Or equivalently:

1% v (1 /K”) (v K”) 1% (B.15)
= . 4+ |— |- == |4 .
DS4 R Kn Tp Kn Tn

Substituting the values of Vg and Vpg, into eqn. (B.10), the current I will be equal to:

- K” ” 2 KP KP
IR__Z_'(‘R—VTH) . l+ln VR' 1+ Fn - VTP. -[_{: +VTn (B.16)

Because voltage Vg, = 2V then the output current I, in eqn. (B.11) can be written

as follows:

K)
1 = _2_’ V=V (1+22V)) (B.17)

o
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Dividing eqn. (B.17) by eqn. (B.16) the current ratio of Type VI NCMOS current

mirror will be:

K, (Vg=Vg,)? (14X 2V
_ e VRTTY p” R (B.18)

Ko (vg=Vp,)? K K
R Tn (1 +A." (VR : (l + Fp)— (VTI’ * R:,-’)'*' V'I-n))
n n

The current ratio in eqn. (B.18) is clearly a function of only one variable namely is

Vg. This means that this NCMOS current mirror is regulated and its current ratio is

independent of the load value.

B.3 TYPE VIII NCMOS CURRENT MIRROR (SOURCE) WITHK <1

This NCMOS current mirror shown in Fig. B.3, was also selected in Chapter 3 as one
of the best four current mirror circuits that has a good response to the control circuit. This
current mirror is a source model with current ratio less than unity. This circuit also

implements a feedback loop to keep the circuit stable and independent of load variation.
Assuming that all transistors are saturated, the drain currents will be as follows:

For transistor Q-

Ig=B, Wgsy = V)2 (I+A Vpo) (B.19)
For transistor Q4:
Ip = By (Vsga=Vpyp)? - (142 Vpq) (B.20)

For transistor Q5.
= B.- - 2.
For transistor 0 3

Iy = By Vg3 =Vp) 2 (U 2, Vsns) (B.22)
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Pw
4 "—r__—

Fig. B.3
Circuit diagram for Type VIII NCMOS current mirror, (source version) with K < 1

Further let the ratio W/ L for these MOSFETS transistors equal to unity, then the B’s

factors will be equal to one half the transconductance factor (K) i.e.:
K K
—_n - — — P
ﬁl"_p_"““d B2‘[33‘{34“”2"
Provided that )\.I,‘,SI)J' << | and ;\'l,"'spz << 1.
Since transistors Qo & Q3 hold the same current /.. then voltage Vigr = Vg = Vg3,
because voltage Vpg = Vg + Vs

Also since MOSFETs Q1 & Q4 hold the same current I, then:

kll
2

K
(Ve =Vp) 21 +A V) = — (Vsga=Vrp) 21+ A, (Vsga+ Vig3))  (B23)

For simplicity and because 7»,, << 1, then making the following reasonable

approximation:

Ap (Vsge + Vsga) = A2V
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Kn I'+ }\'n vl\‘
Vsas= & VeV [ray, Vi (B2
I)

Since the source-to-drain voltage of transistor Q1 equal to:

we get:

Vsp2 = Vseat Vega = Vet Vs (B.25)
Then the output current can be written by using eqn. (B.21), eqn. (B.24) and eqn.

(B.25) as follows:

K, , K K,
lo =5 Wp=Vp) " {1+ 2 0V (T o =&Yy [ |+ Ve )] (B2O)
P P

Ekg

where the factor o equals to:
o= Tm (B.27)
The reference current can be written in terms of Q) MOSFET parameters as follows:
. =

n )
R =5 (Vp=Vp)2 (144 V) (B.28)

Dividing egn. (B.26) by eqn. (B.28) gives us the current ratio formula:

2 (1+l (ocv -(I+J£T—-")—(av -/E)+v ))
10 Kp . (VR -- VTP) . P R Kp Tn Kp Iy

' — 2 B.2Y)
I K, (VR-'VTn)z (I+A"VR)

Since the factor o is a function of one variable Vg, then the current ratio in eqn.
(B.29) will be defined as a function of the same single variable (Vy). This means the

proposed NCMOS current mirror model is independent of the load value.



