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CMOS VLSI Design
M.Tech. First semester VTU

Introduction

The present chapter first develops the fundameigdical characteristics of the MOS transistomvinch the
electrical currents and voltages are the most rlapbquantities. The link between physical desigd logic
networks can be established. Figure 2.1 depictswsasymbols used for the MOS transistors. The syrsiioown
in Figure 2.1(a) is used to indicate only switchitg while that in Figure 2.1(b) shows the substi@nnection.
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Figure 2.1 Various symbols for MOS transistors
This chapter first discusses about the basic electrical and physical properties of the Metal Oxide Semiconductor
(MOS) transistors. The structure and operation of the nMOS and pMOS transistors are addressed, following which the
concepts of threshold voltage and body effect are explained. The current-voltage equation of a MOS device for different
regions of operation is next established.
It is based on considering the effects of external bias conditions on charge distribution in MOS system and on
conductance of free carriers on one hand, and the fact that the current flow depends only on the majority carrier flow
between the two device terminals. Various second-order effects observed in MOSFETSs are next dealt with.
Subsequently, the complementary MOS (CMOS) inverter is taken up. Its DC characteristics, noise margin and the
small-signal characteristics are discussed. Various load configurations of MOS inverters including passive resistance as
well as transistors are presented. The differential inverter involving double-ended inputs and outputs are discussed. The
complementary switch or the transmission gate, the tristate inverter and the bipolar devices are briefly dealt with.

2.1.1 nMOS and pMOS Enhancement Transistors
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Figure 2.2 depicts a simplified view of the bagitsture of an n-channel enhancement mode transighich is
formed on a p-type substrate of moderate dopingjlés shown in the figure, the source and therdragions
made of two isolated islands of-type diffusion. These two diffusion regions ar@eected via metal to the
external conductors. The depletion regions are in&nmed in the more lightly doped p-region. Thtig source
and the drain are separated from each other byiwdes, as shown in Figure 2.2. A useful device bawever,
be made only be maintaining a current betweendhece and the drain. The region between the tffosdid
islands under the oxide layer is called thennelregion. The channel provides a path for the maj@atrriers
(electrons for example, in the n-channel devicd)aw between the source and the drain.

The channel is covered by a thin insulating layesilccon dioxide (SiQ). The gate electrode, made of
polycrystalline silicon (polysilicon or poly in shp stands over this oxide. As the oxide layemsresulator, the
DC current from the gate to the channel is zer@ Jdurce and the drain regions are indistinguighdibé to the
physical symmetry of the structure. The currentiees enter the device through the source termudle they
leave the device by the drain.

The switching behaviour of a MOS device is characterized by an important parameter called the threshold voltage (Vy,),
which is defined as the minimum voltage, that must be established between the gate and the source (or between the
gate and the substrate, if the source and the substrate are shorted together), to enable the device to conduct (or "turn
on"). In the enhancement mode device, the channel is not established and the device is in a non-conducting (also called

cutoff or sub-threshold) state, for Vas <V . If the gate is connected to a suitable positive voltage with respect to the
source, then the electric field established between the gate and the source will induce a charge inversion region,
whereby a conducting path is formed between the source and the drain. In the enhancement mode device, the
formation of the channel is enhanced in the presence of the gate voltage.

Gate(Vs)
Source(Vs) Poly Drain{\Vp)
T Oxide T
e F == E‘E == e

Channel

f Depletion regions f

I

Body or Substrate(Vss)

Figure 2.2: Structure of an nMOS enhancement modet ransistor. Note that Vgs > Vy, , and Vps =0.

By implanting suitable impurities in the region between the source and the drain before depositing the insulating oxide
and the gate, a channel can also be established. Thus the source and the drain are connected by a conducting channel
even though the voltage between the gate and the source, namely

Ves=0 (below the threshold voltage). To make the channel disappear, one has to apply a suitable negative voltage on
the gate. As the channel in this device can be depleted of the carriers by applying a negative voltage Vi say, such a
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device is called a depletion mode device. Figure 2.3 shows the arrangement in a depletion mode MOS device. For an
n-type depletion mode device, penta-valent impurities like phosphorus is used.
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Figure 2.3 Structure of an nMOS depletion mode tran  sistor

To describe the operation of an nMOS enhancement device, note that a positive voltage is applied between the source
and the drain (Vps). No current flows from the source and the drain at a zero gate bias (that is, Vgs= 0). This is because
the source and the drain are insulated from each other by the two reverse-biased diodes as shown in Figure
2.2.However, as a voltage, positive relative to the source and the substrate, is applied to the gate, an electric field is
produced across the p-type substrate, This electric field attracts the electrons toward the gate and repels the holes. If
the gate voltage is adequately high, the region under the gate changes from p-type to n-type, and it provides a
conduction path between the source and the drain. A very thin surface of the p-type substrate is then said to be
inverted, and the channel is said to be an n-channel.

To explain in more detail the electrical behaviour of the MOS structure under external bias, assume that the substrate
voltage Vss= 0, and that the gate voltage Vgis the controlling parameter. Three distinct operating regions, namely
accumulation, depletion and inversion are identified based on polarity and magnitude of Vg .

If a negative voltage Vg is applied to the gate electrode, the holes in the p-type substrate are attracted towards the
oxide-semiconductor interface. As the majority carrier (hole) concentration near the surface is larger than the
equilibrium concentration in the substrate, this condition is referred to as the carrier accumulation on the surface. In this
case, the oxide electric field is directed towards the gate electrode. Although the hole density increases near the
surface in response to the negative gate bias, the minority carrier (electron) concentration goes down as the electrons
are repelled deeper into the substrate.

Consider next the situation when a small positive voltage Vg. is applied to the gate. The direction of the electric field
across the oxide will now be towards the substrate. The holes (majority carriers) are now driven back into the substrate,
leaving the negatively charged immobile acceptor ions. Lack of majority carriers create a depletion region near the
surface. Almost no mobile carriers are found near the semiconductor-oxide interface under this bias condition.

Next, let us investigate the effect of further increase in the positive gate bias. At a voltage Vgs= Vy, , the region near the
semiconductor surface acquires the properties of n-type material. This n-type surface layer however, is not due to any
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doping operation, but rather by inversion of the originally p-type semiconductor owing to the applied voltage. This
inverted layer, which is separated from the p-type substrate by a depletion region, accounts for the MOS transistor
operation. That is, the thin inversion layer with a large mobile electron concentration, which is brought about by a
sufficiently large positive voltage between the gate and the source, can be effectively used for conducting current
between the source and the drain terminals of the MOS transistor. Strong inversion is said to occur when the
concentration of the mobile electrons on the surface equals that of the holes in the underlying p-type substrate.

As far as the electrical characteristics are concerned, an nMOS device acts like a voltage-controlled switch that starts to
conduct when Vg (or, the gate voltage with respect to the source) is at least equal to Vy, (the threshold voltage of the
device). Under this condition, with a voltage Vps applied between the source and the drain, the flow of current across
the channel occurs as a result of interaction of the electric fields due to the voltages Vps and Vgs. The field due to Vps
sweeps the electrons from the source toward the drain.As the voltage Vps increases, a resistive drop occurs across the
channel. Thus the voltage between the gate and the channel varies with the distance along the channel. This changes
the shape of the channel, which becomes tapered towards the drain end.

Gate(Vc)
Source(Vs) | ol Drain(Vs)
T Oxide T
- F== E‘E == e

S1A

Depletion regions

p- substrate

L

Body or Substrate(Vss)

Figure 2.4: An nMOS enhancement mode transistor in non-saturated (linear or resistive) mode. Note that Vgs>
Vin , and Vps < Vgs- Vi -

Operating Principles of MOS Transistors
Operating Principles of MOS Transisitors

However, under the circumstance Vps> Vgs- Vin , When the gate voltage relative to drain voltage is insufficient to form
the channel (that is, Vgp< Vi ), the channel is terminated before the drain end. The channel is then said to be pinched
off. This region of operation, known as saturated or pinch-off condition, is portrayed in Figure 2.5. The effective channel
length is thus reduced as the inversion layer near the drain end vanishes. As the majority carriers (electrons) reach the
end of the channel, they are swept to the drain by the drift action of the field due to the drain voltage. In the saturated
state, the channel current is controlled by the gate voltage and is almost independent of the drain voltage.
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In short, the nMOS transistor possesses the three following regions of operation :

Cutoff, sub-threshold or non-conducting zone
Non-saturation or linear zone
Saturation region
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Figure 2.5: An nMOS enhancement mode transistor in saturated (pinch-off) mode. Note that Vgs> Vi, , and Vps >
Ves- Vin .
Thus far, we have dealt with principle of operation of an nMOS transistor. A p-channel transistor can be realized by
interchanging the n-type and the p-type regions, as shown in Figure 2.6. In case of an pMOS enhancement-mode
transistor, the threshold voltage Vy, is negative. As the gate is made negative with respect to the source by at least |Vy|,
the holes are attracted into the thin region below the gate, crating an inverted p-channel . Thus, a conduction path is
created for the majority carriers (holes) between the source and the drain. Moreover, a negative drain voltage V DS
draws the holes through the channel from the source to the drain.
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Figure 2.6 Structure of an pMOS enhancement mode tr  ansistor. Note that Vgs< Vi, and Vps =0.

2.1.2. Threshold Voltage and Body Effect

The threshold voltage Vi, for a nMOS transistor is the minimum amount of the gate-to-source voltage Vgs necessary to
cause surface inversion so as to create the conducting channel between the source and the drain. For Vgs< Vg, , No
current can flow between the source and the drain. For Vgs> Vy, , a larger number of minority carriers (electrons in case
of an nMOS transistor) are drawn to the surface, increasing the channel current. However, the surface potential and the
depletion region width remain almost unchanged as Vgs is increased beyond the threshold voltage.

The physical components determining the threshold voltage are the following.

work function difference between the gate and the substrate.

gate voltage portion spent to change the surface potential.

gate voltage part accounting for the depletion region charge.

gate voltage component to offset the fixed charges in the gate oxide and the silicon-oxide boundary.

Although the following analysis pertains to an nMOS device, it can be simply modified to reason for a p-channel device.

The work function difference Fe between the doped polysilicon gate and the p-type substrate, which depends on the
substrate doping, makes up the first component of the threshold voltage. The externally applied gate voltage must also

account for the strong inversion at the surface, expressed in the form of surface potential 2 'ﬁ", where ﬁ""denotes the
distance between the intrinsic energy level E, and the Fermi level Er of the p-type semiconductor substrate.

The factor 2 comes due to the fact that in the bulk, the semiconductor is p-type, where E, is above Er by 'ﬂ‘", while at the
inverted n-type region at the surface E, is below Er by Qé’, and thus the amount of the band bending is 2 b . This is the

second component of the threshold voltage. The potential difference ﬁ‘"between E and Er is given as
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where k: Boltzmann constant, T: temperature, g : electron charge N, : acceptor concentration in the p-substrate and ni :
intrinsic carrier concentration. The expression kT/q is 0.02586 volt at 300 K.

The applied gate voltage must also be large enough to create the depletion charge. Note that the charge per unit area
in the depletion region at strong inversion is given by

Oy = —2(ExaN )™

where ©%is the substrate permittivity. If the source is biased at a potential Vsgwith respect to the substrate, then the
depletion charge density is given by

[y = —2(Eag Iy (B + Vg ne

The component of the threshold voltage that offsets the depletion charge is then given by -Qq /Co , Where C is the gate

o

oxide capacitance per unit area, or Cox = (ratio of the oxide permittivity and the oxide thickness).

A set of positive charges arises from the interface states at the Si-SiO, interface. These charges, denoted as Q; , occur
from the abrupt termination of the semiconductor crystal lattice at the oxide interface. The component of the gate

voltage needed to offset this positive charge (which induces an equivalent negative charge in the semiconductor) is -Q;
/Cox. On combining all the four voltage components, the threshold voltage Vro, for zero substrate bias, is expressed as

QJEI Qi
Vi = By — 2 — 80 _ X1
ro (F] Cﬂx Cﬂx

For non-zero substrate bias, however, the depletion charge density needs to be modified to include the effect of Vsg on
that charge, resulting in the following generalized expression for the threshold voltage, namely

P} :%‘s_zﬁ_%_é

The generalized form of the threshold voltage can also be written as

A e AR

oy [ ax [

Note that the threshold voltage differs from V1o by an additive term due to substrate bias. This term, which depends on
the material parameters and the source-to-substrate voltage Vsg, is given by
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C C

ax ax

Thus, in its most general form, the threshold voltage is determined as

Ve =Vro+ 7| 20 7 |- 26|

The threshold voltage expression given by (1.1) can be applied to n-channel as well as p-channel transistors. However,
some of the parameters have opposite polarities for the pMOS and the nMOS transistors. For example, the substrate

bias voltage Vsgis positive in nMOS and negative in pMOS devices. Also, the substrate potential difference @Fis

negative in nMOS, and positive in pMOS. Whereas, the body-effect coefficient Yis positive in nMOS and negative in
pMOS. Typically, the threshold voltage of an enhancement mode n-channel transistor is positive, while that of a p-
channel transistor is negative.

Example 2.1 Given the following parameters, namely the acceptor concentration of p-substrate Ny =10 cm™ ,
polysilicon gate doping concentration N p =10'® cm™ | intrinsic concentration of Si, n; =1.45 X 10*° cm™, gate oxide
thickness t,, =500 A and oxide-interface fixed charge density Nox =4 X 10%cm™, calculate the threshold voltage V1o at
VSB:O.

AnNs:

The potential difference between E, and Er for the p-substrate is
fr. = KT {gln [NA fﬂi:] = 0026 C) (lﬂlﬁfl_dlﬁxl[]m): 035"

For the polysilicon gate, as the doping concentration is extremely high, the heavily doped n-type gate material can be
assumed to be degenerate. That is, the Fermi level Er is almost coincident with the bottom of the conduction band E C .
Hence, assuming that the intrinsic energy level E, is at the middle of the band gap, the potential difference between E,

and Eg for the gate is P % (energy band gap of Si) =1/2 X 1.1 =0.55 V.

Thus, the work function difference Fas between the doped polysilicon gate and the p-type substrate is -0.35V - 0.55V =
-0.90 V.

The depletion charge density at Vsg=0 is



&
Learning

O = —2(EaN )" ==2(117xB.85x107 x1.6 %107 %10 x0.35)"" = -4.82x10° C/ e

The oxide-interface charge density is
Q=g N, =16x10""C x4 x10"cm™ = 645107 Cm*
The gate oxide capacitance per unit area is (using dielectric constant of SiO, as 3.97)

Cox = €z Ly =(3.97%8.855107™ Fiom )/(500107 em = 7.03x10° Frem”

Combining the four components, the threshold voltage can now be computed as
Veg = thoe — 28 [substratej— O Cor — O Ty = =080 ({069 - 0.0 =040 volt

Body Effect: The transistors in a MOS device seen so far are built on a common substrate. Thus, the substrate
voltage of all such transistors are equal. However, while one designs a complex gate using MOS transistors, several
devices may have to be connected in series. This will result in different source-to-substrate voltages for different
devices. For example, in the NAND gate shown in Figure 1.5, the nMOS transistors are in series, whereby the source-
to-substrate voltage Vsg of the device corresponding to the input A is higher than that of the device for the input B.

Under normal conditions ( Vgs> Vi ), the depletion layer width remains unchanged and the charge carriers are drawn
into the channel from the source. As the substrate bias Vsgis increased, the depletion layer width corresponding to the
source-substrate field-induced junction also increases. This results in an increase in the density of the fixed charges in
the depletion layer. For charge neutrality to be valid, the channel charge must go down. The consequence is that the
substrate bias Vsggets added to the channel-substrate junction potential. This leads to an increase of the gate-channel
voltage drop.

Example 2.2 Consider the n-channel MOS process in Example 2.1. One may examine how a non-zero source-to-
substrate voltage Vsginfluences the threshold voltage of an nMOS transistor.

One can calculate the substrate-bias coefficient ;Vusing the parameters provided in Example 2.1 as follows :

_2aNgge  A2rLe*10T 107117 *8 85107
C 7.03%107

ax

1
=082 12

¥

One is now in a position to determine the variation of threshold voltage Vr as a function of the source-to-substrate
voltage Vsg. Assume the voltage Vsgto range from0to 5 V.

Ve =Vro +7 (200 7 |- [ 208 ]) = 040 +082(J0 T +75 -0T)
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Figure 2.7 Variation of Threshold voltage in respon  se to change in source-to-substrate voltage V. sp
Figure 2.7 depicts the manner in which the threshold voltage Vy, varies as a function of the source-to-substrate voltage
Vsg . As may be seen from the figure, the extent of the variation of the threshold voltage is nearly 1.3 Volts in this range.
In most of the digital circuits, the substrate bias effect (also referred to as the body effect) is inevitable. Accordingly,
appropriate measures have to be adopted to compensate for such variations in the threshold voltage.

2.2 MOS Device Current -Voltage Equations

This section first derives the current-voltage relationships for various bias conditions in a MOS transistor. Although the
subsequent discussion is centred on an nMOS transistor, the basic expressions can be derived for a pMOS transistor

by simply replacing the electron mobility o by the hole mobility Hr and reversing the polarities of voltages and currents.

As mentioned in the earlier section, the fundamental operation of a MOS transistor arises out of the gate voltage Vgs
(between the gate and the source) creating a channel between the source and the drain, attracting the majority carriers
from the source and causing them to move towards the drain under the influence of an electric field due to the voltage
Vps (between the drain and the source). The corresponding current Ips depends on both Vgsand Vps.

2.2.1 Basic DC Equations

Let us consider the simplified structure of an nMOS transistor shown in Figure 2.8, in which the majority carriers
electrons flow from the source to the drain.

The conventional current flowing from the drain to the source is given by
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Tpe =—1en= {charge induced in channel) fielectron transit ime)=0 /T,

Now, transit time EE (length of the channel) / (electron velocity) =L /v

where velocity is given by the electron mobility and electric field; or, * o g

Now, Eps= Vpd L, so that velocity V= [’“"VDS)I L

_ 2
Thus, the transit time is T,=1 ’f'[f“x Vﬂs:'

At room temperature (300 K), typical values of the electron and hole mobility are given by

=650 cm?® /I —sec and M =240 e [V —sec

We shall derive the current-voltage relationship separately for the linear (or non-saturated) region and the saturated
region of operation.

Fig 2.8: Simplified geometrical structure of an nMO S transistor

Linear region : Note that this region of operation implies the existence of the uninterrupted channel between the
source and the drain, which is ensured by the voltage relation Vgs- Vi > Vps .

In the channel, the voltage between the gate and the varies linearly with the distance x from the source due to the IR
drop in the channel. Assume that the device is not saturated and the average channel voltage is Vps/2.

The effective gate voltage Vg er= Vgs - Vin

E e

Charge perunitarea= "F s 80
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where E; average electric field from gate to channel, %o - relative permittivity of oxide between gate and channel (~4.0
(o= B 5. 5L

B

for SiO, ), and 0 free space permittivity (8.85 x 10 ** F/cm). So, induced charge

where W: width of the gate and L : length of channel.

£ s
Op = WLyl D{ (Ve —Vey) =V 1 2}
=L (V)
Thus, the current from the drain to the source may be expressed as
Ins =Pl T = Epe bW 1 (LD ) (Wos — Vi )= Vs 4 2}V

Thus, in the non-saturated region, where ¥oe Vs ~Va

Lo = (KW L (Vs =V =V 0/2} 2.2)

where the parameter K=1g,54) D

Writing B= [KW) Fi , Where W/L is contributed by the geometry of the device,
2
e = B{(Pas —Ve Wi = Vs 2)

= {Ez'mj 'E-IJWL)I L K= {Cl?f{*r?z) I{WL)

. . . .
Since, the gate-to-channel capacitance is ~ ¢ (parallel plate capacitance), then

, So that (2.2) may be written as

g = (Coue M I [[VGS ~ W W — V2 et 2]
Denoting Cs = Co WLwhere C, : gate capacitance per unit area,
Ipe = (CotW )1 L { (Vo= Vi) Vi =V 07 2)

Saturated region : Under the voltage condition Vgs- Vin = Vps, @ MOS device is said to be in saturation region of
operation. In fact, saturation begins when Vps = Vgs- Vin, Since at this point, the resistive voltage drop (IR drop) in the
channel equals the effective gate-to-channel voltage at the drain. One may assume that the current remains constant
as Vpsincreases further. Putting Vps = Vgs- Vi , the equations (2.2-2.5) under saturation condition need to be modified
as

12
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Ips = (KW”L[(VL’S a) ! 2] ................................... (2.6)
o= fWe-Wa) /2 @.7)
los={Coth Vs V) P2y 2.8)
e e A L (2.9)

The expressions in the last slide derived for Ips are valid for both the enhancement and the depletion mode devices.
However, the threshold voltage for the nMOS depletion mode devices (generally denoted as Vi ) is negative .

Figure 2.9 depicts the typical current-voltage characteristics for nMOS enhancement as well as depletion mode
transistors. The corresponding curves for a pMOS device may be obtained with appropriate reversal of polarity. For an

n -channel device with “* =600 cm?/ V.s, C,=7 X 108 Flem? , W=20 m,L=2 mand Vi, = V5= 1.0V, letus
examine the relationship between the drain current and the terminal voltages.

K ={Capt, Y (WL) = (Cope )11 L=600cm* f V.5 x7x107° From® x 20pm / 2 pm = 0.42 m AV
Now, the current-voltage equation (2.2) can be written as follows.

=0.21mAVH 2(V, —1.0Y e - P )

lri?l.‘:'u

If one plots Ipsas a function of Vps, for different (constant) values of Vgs, one would obtain a characteristic similar to
the one shown in Figure 2.9. It may be observed that the second-order current-voltage equation given above gives rise
to a set of inverted parabolas for each constant Vgsvalue.
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Figure in the previous slide: Figure 2.9 Typical current-voltage characteristics for (a) enhancement mode and (b)
depletion mode nMOS transistors

2.2.2 Second Order Effects

The current-voltage equations in the previous section however are ideal in nature. These have been derived keeping
various secondary effects out of consideration.

Threshold voltage and body effect  : as has been discussed at length in Sec. 2.1.6, the threshold voltage Vi, does
vary with the voltage difference Vg, between the source and the body (substrate). Thus including this difference, the
generalized expression for the threshold voltage is reiterated as

Ve =Veo + 7| 280 +7a |- [ 26 )
in which the parameter ;V, known as the substrate-bias (or body-effect ) coefficient is given by

2G4y

Can .Typical values of yrange from 0.4 to 1.2. It may also be written as

¥= i‘-’—"ﬂEgNAES = %\}ngﬂfs

;V:

o
Example 2.3: N,= 310" em® f,=2004 g = 11.7%8.85%107™ Flem and g = 16107 canlomb

y= 0.2x107
39x%8 85107

\2x16x 107 %11 7% 885107 % x 3% 10" =0.57

16
# = 0.0261n {%J= 0.375

s

Then, at Vg, = 2.5 volts

Vras = +0.5?(J0.?5+2.5 —JU.?ﬁ) =V +0.53

As is clear, the threshold voltage increases by almost half a volt for the above process parameters when the source is
higher than the substrate by 2.5 volts.

Drain punch-through :In a MOSFET device with improperly scaled small channel length and too low channel doping,
undesired electrostatic interaction can take place between the source and the drain known as drain-induced barrier
lowering (DIBL) takes place. This leads to punch-through leakage or breakdown between the source and the drain, and
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loss of gate control. One should consider the surface potential along the channel to understand the punch-through
phenomenon. As the drain bias increases, the conduction band edge (which represents the electron energies) in the
drain is pulled down, leading to an increase in the drain-channel depletion width.

In a long-channel device, the drain bias does not influence the source-to-channel potential barrier, and it depends on
the increase of gate bias to cause the drain current to flow. However, in a short-channel device, as a result of increase
in drain bias and pull-down of the conduction band edge, the source-channel potential barrier is lowered due to DIBL.
This in turn causes drain current to flow regardless of the gate voltage (that is, even if it is below the threshold voltage
V). More simply, the advent of DIBL may be explained by the expansion of drain depletion region and its eventual
merging with source depletion region, causing punch-through breakdown between the source and the drain. The punch-
through condition puts a natural constraint on the voltages across the internal circuit nodes.

Sub-threshold region conduction  : the cutoff region of operation is also referred to as the sub-threshold region, which
is mathematically expressed as Ips =0 Vas < Vi

However, a phenomenon called sub-threshold conduction is observed in small-geometry transistors. The current flow in
the channel depends on creating and maintaining an inversion layer on the surface. If the gate voltage is inadequate to
invert the surface (that is, Vo< V10 ), the electrons in the channel encounter a potential barrier that blocks the flow.
However, in small-geometry MOSFETS, this potential barrier is controlled by both Vgsand Vps. If the drain voltage is
increased, the potential barrier in the channel decreases, leading to drain-induced barrier lowering (DIBL). The lowered
potential barrier finally leads to flow of electrons between the source and the drain, even if Vgs< V1o (that is, even when
the surface is not in strong inversion). The channel current flowing in this condition is called the sub-threshold current .
This current, due mainly to diffusion between the source and the drain, is causing concern in deep sub-micron designs.
The model implemented in SPICE brings in an exponential, semi-empirical dependence of the drain current on Vgsin
the weak inversion region. Defining a voltage V on as the boundary between the regions of weak and strong inversion,
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, , (Vir—Van :[ﬁ]
Ip(weak ioversion) =1 e

where o, is the current in strong inversion for Vgs=Vo, .

Channel length modulation : so far one has not considered the variations in channel length due to the changes in drain-
to-source voltage Vps . For long-channel transistors, the effect of channel length variation is not prominent. With the
decrease in channel lenghth, however, the variation matters. Figure 2.5 shows that the inversion layer reduces to a
point at the drain end when Vps = Vpsat= Vas-Vin . That is, the channel is pinched off at the drain end. The onset of
saturation mode operation is indicated by the pinch-off event. If the drain-to-source voltage is increased beyond the
saturation edge (Vps > Vpsart), a still larger portion of the channel becomes pinched off. Let the effective channel (that is,

the length of the inversion layer) be L’lﬂ” =L- ﬂL.

where L : original channel length (the device being in non-saturated mode), and Al length of the channel segment
where the inversion layer charge is zero. Thus, the pinch-off point moves from the drain end toward Vpsthe source with
increasing drain-to-source voltage . The remaining portion of the channel between the pinch-off point and the drain end
will be in depletion mode. For the shortened channel, with an effective channel voltage of Vpsar, the channel current is
given by

The current expression pertains to a MOSFET with effective channel length L, operating in saturation. The above
equation depicts the condition known as channel length modulation , where the channel is reduced in length. As the
effective length decreases with increasing Vps, the saturation current Ipgisanwill consequently increase with increasing
Vps . The current given by (2.11) can be re-written as

4Gy | 1 |

2
fﬂs:s.qr::T- T AL E'[VGS_P;‘D)

L (2.12)

The second term on the right hand side of (2.12) accounts for the channel modulation effect. It can be shown that the
factor channel length &4 is expressible as

Ao Ve~V

One can even use the empirical relation between &4 and Vps given as follows.

&L
1-— & 1— A,
7 s

The parameter Ais called the channel length modulation coefficient, having a value in the range 0.02V -1 to 0.005V -1 .
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Assuming that , the saturation current given in (2.11) can be written as

li" _I'EIHUI:J?{ W
DS[SANT g

(P =g 1 (14 A )

The simplified equation (2.13) points to a linear dependence of the saturation current on the drain-to-source voltage.
The slope of the current-voltage characteristic in the saturation region is determined by the channel length modulation

factor .

Impact ionization :An electron traveling from the source to the drain along the channel gains kinetic energy at the cost
of electrostatic potential energy in the pinch-off region, and becomes a “hot” electron. As the hot electrons travel
towards the drain, they can create secondary electron-hole pairs by impact ionization. The secondary electrons are
collected at the drain, and cause the drain current in saturation to increase with drain bias at high voltages, thus leading
to a fall in the output impedance. The secondary holes are collected as substrate current. This effect is called impact
ionization . The hot electrons can even penetrate the gate oxide, causing a gate current. This finally leads to
degradation in MOSFET parameters like increase of threshold voltage and decrease of transconductance. Impact
ionization can create circuit problems such as noise in mixed-signal systems, poor refresh times in dynamic memories,
or latch-up in CMOS circuits. The remedy to this problem is to use a device with lightly doped drain. By reducing the
doping density in the source/drain, the depletion width at the reverse-biased drain-channel junction is increase and
consequently, the electric filed is reduced. Hot carrier effects do not normally present an acute problem for p -channel
MOSFETSs. This is because the channel mobility of holes is almost half that of the electrons. Thus, for the same filed,
there are fewer hot holes than hot electrons. However, lower hole mobility results in lower drive currents in p -channel
devices than in n -channel devices.

Complementary CMOS Inverter - DC Characteristics

A complementary CMOS inverter is implemented as the series connection of a p-device and an n-device, as shown in
Figure 2.10. Note that the source and the substrate (body) of the p -device is tied to the Vpp rail, while the source and
the substrate of the n-device are connected to the ground bus. Thus, the devices do not suffer from any body effect. To
derive the DC transfer characteristics for the CMOS inverter, which depicts the variation of the output voltage (Vo) as a
function of the input voltage (Vin), one can identify five following regions of operation for the n -transistor and p -
transistor.

oy Vgﬂ

g #E‘J p-device

n-device

d
Vi:u £ 0‘ E _‘ VM!
5

oy V.,

Figure 2.10 A CMOS inverter shown with substrate Co  nnections
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Let Vi, and Vi, denote the threshold voltages of the n and p-devices respectively. The following voltages at the gate and
the drain of the two devices (relative to their respective sources) are all referred with respect to the ground (or Vsg,
which is the substrate voltage of the n -device, namely

Vgsn =Vin , Vdasn=Vous Vgsp =Vin -Vbp , and Vdsp =Vout -Vob -

The voltage transfer characteristic of the CMOS inverter is now derived with reference to the following five regions of
operation :

Region 1 : the input voltage is in the range 0=V <Va . In this condition, the n -transistor is off, while the p -transistor is

in linear region (as Vo Vg Vo +P;¢)_

f Fegions

I I I I I
1 2 o3 4 s

Current
between rails

| |
Vm IT”:'z':'e:lr IVDD ‘| II'r:rp'l VDD
Lo P,i?d

Figure 2.11: Variation of current in CMOS inverter ~ with Vi,

No actual current flows until Vi, crosses Vy, , as may be seen from Figure 2.11. The operating point of the p -transistor

: oo I |y
moves from higher to lower values of currents in linear zone. The output voltage is given by " ## ™" ' "as may be seen

from Figure 2.12.

Region 2 : the input voltage is in the range Vae SV ':P;“. The upper limit of Vi, is Viny , the logic threshold voltage of the

inverter. The logic threshold voltage or the switching point voltage of an inverter denotes the boundary of "logic 1" and
"logic 0". It is the output voltage at which Vi, = V. In this region, the n-transistor moves into saturation, while the p-
transistor remains in linear region. The total current through the inverter increases, and the output voltage tends to drop
fast.
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Eegion

Vm 'Vz'm' Voo - |'VTP| Voo
= Vi

Figure 2.12 Transfer characteristics of the CMOS in  verter

Region 3 : In this region, Vi ¥ Vi . Both the transistors are in saturation, the drain current attains a maximum value,

and the output voltage falls rapidly. The inverter exhibits gain. But this region is inherently unstable. As both the

transistors are in saturation, equating their currents, one gets (as VP" = Vi, VW = Vi ~ VM).

1 2 1 2
— Vo=V == Ve = Viop — Ve
2'8”( o V) 2'5;( o) (2.14)
ool g Eait
where L and b Solving for the logic threshold voltage V., , one gets
172
Fon+ P;, +, &
s
Moy = 172
N [&]
Y (2.15)

Note that if =5 and Vo = _K?, then Vi, =0.5 Vpp .

i o=l -
Region 4 : In this region, View < Ve =V IV’? |. As the input voltage Vi, is increased beyond Vi, , the n -transistor

leaves saturation region and enters linear region, while the p -transistor continues in saturation. The magnitude of both
the drain current and the output voltage drops.
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Region 5 : In this region, Voo~ [Vy [ 2V, = VDD. At this point, the p -transistor is turned off, and the n -transistor is in

linear region, drawing a small current, which falls to zero as Vi, increases beyond Vpp -| V|, since the p -transistor turns

off the current path. The output in this region is Vow 50 .

As may be seen from the transfer curve in Figure 2.12, the transition from "logic 1" state (represented by regions 1 and
2) to “logic 0” state (represented by regions 4 and 5) is quite steep. This characteristic guarantees maximum noise
immunity.

A8 #ratio : One can explore the variation of the transfer characteristic as a function of the ratio AR ¥ As noted

from (2.15), the logic threshold voltage Vi,, depends on the ratio A, I’SF. The CMOS inverter with the ratio A/ “SF =1
allows a capacitive load to charge and discharge in equal times by providing equal current-source and current-sink

capabilities. Consider the case of A I’SP’ >1. Keeping ’SF fixed, if one increases ’SF, then the impedance of the pull-
down n -transistor decreases. It conducts faster, leading to faster discharge of the capacitive load. This ensures quicker
fall of the output voltage Vyy, as Vi, increases from 0 volt onwards. That is, the transfer characteristic shifts leftwards.

Similarly, for a CMOS inverter with ! jﬁ? <1, the transfer curve shifts rightwards. This is portrayed in Figure 2.13.

Noise margin :is a parameter intimately related to the transfer characteristics. It allows one to estimate the allowable

noise voltage on the input of a gate so that the output will not be affected. Noise margin (also called noise immunity) is
specified in terms of two parameters - the low noise margin NM_ , and the high noise margin NM,; . Referring to Figure

2.14, NM, is defined as the difference in magnitude between the maximum LOW input voltage recognized by the driven
gate and the maximum LOW output voltage of the driving gate. That is,

NML =| VILmax - VOLmaxl

Similarly, the value of NMy is the difference in magnitude between the minimum HIGH output voltage of the driving gate
and the minimum HIGH input voltage recognizable by the driven gate. That is,

NMy =| Vormin = Vitmin |
Where Vigmin : minimum HIGH input voltage
ViLmax . Maximum LOW input voltage
Voumin : Minimum HIGH output voltage

VoLmax: maximum LOW output voltage
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FEegion
A
Unity gain point (slope = -1}
Foon
Vour =kl
Vond
2
A
B, Unity gain point (dope=-13
- T T T Fiad
Vor =0 Fen Vv Voo - |'VTP| Yoo

™ Vin

Figure 2.13 Variation of shape of transfer characte  ristic of the CMOS inverter with the ratio HLA ¥

—
Catput Characteristics e Input Characteristics

A

Logical
High ofp
range

Logical High ifp range

Internediate range

Logical
lowr ofp
range

Logical Low ifp range

Figure 2.14 Definition of noise margin

Figure 2.14 illustrates the above four definitions. Ideally, if one desires to have Vi, =V,_, and Vo =Vop in the middle of
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the logic swing, then the switching of states should be abtrupt, which in turn requires very high gain in the transition
region. To calculate V,_, the inverter is supposed to be in region 2 (referring to Figure 2.12) of operation, where the p -
transistor is in linear zone while the n -transistor is in saturation. The parameter V,_is found out by considering the unity
gain point on the inverter transfer characteristic where the output makes a transition from Voy . Similarly, the parameter
V4 is found by considering the unity gain point at the Vo, end of the characteristic.

If the noise margins NMy or NM_ are reduced to a low value, then the gate may be susceptible to switching noise that
may be present at the inputs. The net effect of noise sources and noise margins on cascaded gates must be considered

in estimating the overall noise immunity of a particular system. Not infrequently, noise margins are compromised to
improve speed.

CMOS inverter as an amplifier : In the region 3 (referring to Figure 2.12) of operation, the inverter actually acts as an
analog amplifier where both the transistors are in saturation. The input-output behaviour of the inverter in this region is
given by

Vout = AVin
where A is the stage gain given by

A= (Qm+ gmp) (rasnl rdSp)

Note that the small-signal characteristics, namely transconductance g, is defined as

= Eﬂ—‘i‘ | V7 soime fixed value
dv,,
and the output resistance rysis given by
P = a | ¥y, - some fixed value
al g

Note that the gain A is dependent on the process and the transistors used in the circuit. It can be increased by
increasing the length of the transistors to improve the output resistance. However, speed and bandwidth of the amplifier
suffer as a result.

Amplifiers with Active Loads — CMOS Amplifiers

Section 3.1 Amplifiers with Active Loads
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In the last chapter, we noticed that the |d&d must be large. There are two problems
here: (1) For IC design, this is not desirabledoese it is not cost effective to fabricate a
desired resistor, not mentioning a large resisttiraquire a rather large space in the IC.
(2) A large resistor may easily drive the trangistot of saturation as shown in Fig. 3.1-
1.

S
S

WL
E

Iﬁs A large R,.
—0 Vs increasing
D
Gl Pg
Vop/Ry
iVGS

Voo
Fig. 3.1-1 AlargeR _driving a transition out of saturation
3.1-2 below:

It will be desirable if we have a load curve, @&l of a load line as shown in Fig.

A partjcular Vs load curve
[DS'
Input signal
Vas
> Vou=Vps
Output signal

Fig. 3.1-2 A desirable Ioad curve

To achieve this desirable load curve, we may usactive load, instead of a passive
load, such as a resistor.
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Let us consider the following PMOS and its I-Veias shown in Fig. 3.1-3. Its
V. Vs | s relationship is shown in Fig. 3.1-4.

out

Isp
A For a certain Vg

S 3
G Vsp 1

—— Voo
Fig. 3.1-3 A PMOS transistor and its |-V curve

Isp

VSD

0]

Vpp )
For a certain Vg
1
|
|
— I
|
1 |
Vs J S |
- |
G V[I)D » Vsp
D (b) Isp vs Vsp
o Isp
A
I/om

For a certain Vg

R

(a) A PMOS transistor circuit

(C) ]Sl) Vs Vm/l

Fig. 3.1-4 A PMOS transistor circuit with its I-diagrams

From Fig. 3.1-4, we can see that a PMOS circuitmnosed as a load for an NMOS
amplifier, as shown in Fig. 3.1-5.
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Ispy
f Voo For a certain Vg
Va2
Ly s @
G Dy
D Ql I/I)l) > I/()ul
S (b) Lspz V8 Vou
1+ Iy, for a certain Vg. Ips1, Tor a certain V.
I/{)ul
Vas—1— /
— — - Vs Vop V, Vou = Vpsi

(a) A CMOS transistor circuit (c) I-V curves of Q; and the load curve
Fig. 3.1-5 A CMOS transistor circuit with its |-dUrves

It should be noted that bot,,, andV,;, have to be proper. In Fig. 3.1-6, we show
improperVgg,’s and in Fig. 3.1-7, we show improp¥g, 's.

/ .
A / Vis1 too high

Vis1 appropriate

¥

VsG2

Visi too low

» _
» Vo= Vosi

Fig. 3.1-6 DifferentV,’s for a fixedVyg,

A Vson too high

Vs appropriate

Vasi

Vsga too low

» _
> Vo = VDSI
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Fig. 3.1-7 Differentvg,’s for a fixedV 4

Note that so far as Qs concerned, Qis its load and vice versa, as shown in the
above figures. Since NMOS and PMOS are complemembaeach other, we call this
kind of circuits CMOS circuits.

For the CMOS amplifier shown in Fig. 3.1-5, let assume that the circuit is
properly biased. Fig. 3.1-8 shows the diagranhefltV curves of @and its load curve,
which is the I-V curve of @

VDD

)

l]z IDSI = ISDZ IS[)Z for a certain Vs(,'z. I[)S] f()r a Certain VGS]-

Vo

L < )
| Q2 ?/
5///: T Vs
 E— | /——”l
— Q] v
Vin out
Vg —
oS L L Vou = Vpsi
= Vb’ I/op VA
(ideal)
(a) A CMOS transistor circuit (b) I-V curves of Q; and its load curve

. Fig. 31-8 A CMOS transistor circuit with its I-8Urves of Q and a load curve for Q

Let us imagine thaV¥g increases. InitiallyV,, decreases rather slowly. After
it reachesV,, it starts to drop quickly t&/;. As can be seen, an ideal operating point
should be aroun% (V, +V;). Fig. 3.1-9 shows the DC input-output diagram ey it

behaves as an amplifier..
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T

/
i

L
ARV

D

—
N

Fig. 3.1-9 The amplification of input signal

The small signal equivalent circuit of the CMOSpdifrer is shown in Fig. 3.1-
10. The impedanceg, andr,, are the output impedances Qf and Q, respectively.

Forr, andr_,, refer to Section 2.4.
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I/I)I )

jlt o . ‘

VSGZ

L=

To1 02 Vout
v,
v; 8mVin

v’” % I ut SI
Vesi = i
l p— — —L

(a) A CMOS transistor circuit (b) The small signal equivalent circuit of the CMOS amplifier
Fig. 3.1-10 A CMOS transistor circuit and its shsajnal equivalent circuit

As can be seen,

Vout =~ ImVin (r01 I r02) (3-1'1)

If ry, » ry,, Which is often the case, we have
VOU j—
=_t__ _gmr01 (3.1'2)

If a passive load is usedd, = g,,R . Sincer,, is much larger tharR_ which can be

used, we have obtained a larger gain. By passagslove mean loads such as resistors,
inductors and capacitors which do not require pasugplies.

Section 3.2 Some Experiments about CMOS Amplifiers

The following circuit shown in Fig. 3.2-1 will besad in our SPICE simulation
experiments.
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Vbp
R;=0 (pseudo)
| su/035u
Vs2-0.9V —L{ « S J Q2
G D |
D
y o Qi
G S
5u/0.35u
I/()Ill
Ves1=0.65V——
JR N A,

Fig. 3.2-1 The CMOS ampli?er circuit fojrthe E?iments in Section 3.2
Experiment 3.2-1 The |-V Curve of Q; and the its Load Curve
In Table 3.2-1, we display the SPICE simulationgpam of the experiment and in Fig.
3.2-2, we show the I-V curve of;@nd its load curve. Note that the load curve 9iQ

the I-V curve of Q.

Table 3.2-1 Program of Experiment 3.2-1

simple

.protect

dib 'c:AmmO355v.I' TT

.unprotect

.0p

.options nomod post

vDD 11 0 3.3v

R1 11 1 Ok

VSG2 11 2 0.9v

v3 3 0 Ov

.param W1=5u

M1 3 4 0 0

+nch L=0.35u W="W1' m=1
+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 3 2 1 1

+pch L=0.35u W="W1' m=1
+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
VGS1 4 0 0.65v
.DCV303.3v0.1v
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.PROBE I(M2) I(M1) I(R1)
.end

AvanWaves 2001 4 (20011215) EE‘

Design Panels Window Messum Configuration Tooks  Help

vl s @ g ¢ 2 F19 ).V curve of Q(load curve of @

|ps R
WD0:AD:() 200 4
I6u /
24n
22 = /
2 -
18u
g 16u
i !
i 12u
10w / / ti mt
l / ung ponit
Bu 7
ot /
wlod] /
I 7
o I-V curve of Q
<] JJ s st ! Tollge £ (i) (FOLTS) 25 ;V'OUI_‘VDS]-

Fig. 3.2-2 The operating points of the circuifig 3.2-1
Experiment 3.2-2 The Operating Point with the Sam&/ss; and a Smaller \g..

In this experiment, we lowered., from 0.9V to 0.8V. The program is shown in

Table 3.2-2 and the resulting operating point cansben in Fig. 3.2-3. In fact, this
operating point is close to the ohmic region, whghndesirable.

Table 3.2-2 Program of Experiment 3.2-2

simple

.protect

dib 'c:AmmO355v.I' TT
.unprotect

.0p

.options nomod post

vDD 11 0 3.3v
R1 11 1 Ok
VSG2 11 2 0.8v
v3 3 0 Ov
.param W1=5u

M1 3 4 0 0
+nch L=0.35u W="W1' m=1
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+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 3 2 1 1

+pch L=0.35u W="W1' m=1
+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
VGS1 4 0 0.65v
.DCV303.3v0.1lv

.PROBE I(M2) I(M1) I(R1)

.end
AvanWaves 2001.4 (20011215) EE‘
Design Panels Window Messue  Configneation  Tools  Help
FEErE BRI P
=
D00 |
BD0:A0ifrl ) IZB L
260
I-V curve of Q
24 /.
220 /
20u
18
16 /
g 140 i
120 /
1 /.
&
o
N / -V _curve of O(load curve of ®
I=\V.curve.ol.Quoad curve-orQ)
)
\/ =\/
Lol AI_I 500m. 1 V}j‘l?age}((lm) ot 25 vou o3l

Fig. 3.2-3 The operating points of the amplifigcait in Fig 3.2-1 with a smallev,

Experiment 3.2-3 The Operating Point with the Samé&/ss; and a HigherVsg2

In this experiment, we increas&l, from 0.9V to 1.0V. The program is displayed in
Table 3.2-3 and the result is in Fig. 3.2-4. Agaisican be seen, this new operating point

is not ideal either.

Table 3.2-3 Program of Experiment 3.2-3

simple

.protect

dib 'c:AmmO355v.I' TT
.unprotect
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.o0p

.options nomod post

vDD 11 0 3.3v

R1 11 1 Ok

VSG2 11 2 1lv

v3 3 0 Ov

.param W1=5u

M1 3 4 0 0

+nch L=0.35u W="W1' m=1
+AD="'0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 3 2 1 1

+pch L=0.35u W="W1' m=1
+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
VGS1 4 0 0.65v
.DCV303.3v0.1v

.PROBE I(M2) I(M1) I(R1)

.end
AvanWaves 20014 (20011215) [BEE
Drsign Eels Mindow Meswum Configurtion Iook Help
PR
[EDDAGEm | = N
BDO-AD 1) |5b : - /
480 /
16
4
43u
a //
38u ‘
E T
EZ i
EN
N
o
% 26
5o
2m
20
18u K
160
s \
e / \
O
Bu ll \\
fu /
#
N I -\ curve of O
= V-GAT-V - I
0
-2 \/ \ /.
\ 7/ \/
L« 4’_‘ 500m 1 15 s v oul il DTN
Folings X n) (VOLTS)

Fig. 3.2-4 The operating points of the amplifigceit in Fig 3.2-1 with a higheYg,

From the above experiments, we first conclude thaachieve an appropriate
operating point, we must be careful in settvyg, andV,,. We also note that the |-V
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curves are not so flat as we wished. Thereforecavaot expect a very high gain with
this kind of simple CMOS circuits. As we shall dean later chapters, the gain can be
higher if we use a cascode design.

Experiment 3.2-4 The Gain

We used a signal with magnitude 0.001V and frequés®OkHz. The gain was
found to be 30. The program is shown in Table8&hd the result is shown in Fig. 3.2-
5.

Table 3.2-4 Program of Experiment 3.2-4

simple

.protect

dib 'c:AmmO355v.I' TT
.unprotect

.op

.options nomod post
vDD 11 0 3.3v
R1 11 1 Ok
VSG 11 2 0.9v

.param W1=5u

M1 3 4 0 0

+nch L=0.35u W="W1' m=1
+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 3 2 1 1

+pch L=0.35u W="W1' m=1
+AD='0.95u*W1' PD="2*(0.95u+W1)'
+AS='0.95u*W1' PS="2*(0.95u+W1)'
VGS 4 5 0.65v

Vin 5 0 sin(0 0.001v 500k)

tran 0.001us 15us

.end
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VOUi
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Fig. 3.2-5 The gain of the CMOS a

mplifier for inmignal with 500KHz
Section 3.3 A Desired Current Source

In a CMOS circuit, aV¢,, has to be used, as shown in Fig. 3.3-1. In prectt is not

desirable to have many such power supplies all theemtegrated circuit. In this section,
we shall see how this can be replaced by a desingdnt source and a current mirror.

VDD
Vsaa
- S JQZ
G D |7
D
- Qi
Vm//

Visi
- . _Y

Fig. 3.3-1 A CMOS amplifier witlV,,,
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The purpose oY, is to produce a desired load curve afdd shown in Fig. 3.3-
2.
1% L VDD )i L
SG2 ‘[ < S JQZ 4 L, for a certain Vg, Ips: for a certain Vgg,.
G Dvy
A
2Q, p_
S
1
Voul ol
— [ —
Vos1 | |
1 I Ve Ve Vi Vow=Vos
(a) A CMOS amplifier with Vg, (b) The I-V currents of Q; and its load curve

Fig. 3.3-2 A CMOS amplifier, its |-V curves andabblines

The load curve of @ which corresponds to a particular I-V curve of @ shown in
Fig. 3.3-3. This load curve is determined\iy, .

=y

3 %
Fig. 3.3-3 A CMOS amplifier with a fixeW, and its |-V curves
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It is natural for us to think that a prop¥., is the only way to produce the desired

load curve for @ Actually, there is another way. Note each lacadve almost
corresponds to a desirdd,, = 1,5, as shown in Fig. 3.3-4. In other words, we may

think of a way to produce a desired current i Which of course is also the current in

Qu.

y Voo
SG2
1 'y JQz
G D vy
Ispy &
D For a Ve,
S Ql [de:lred ,,,,,,,,
Vout -~
Vi
VGSIL

Fig. 3.3-4 An illustration of how a desired curréletermines the I-V curve

There are two problems here: (1) How can we gdaeax desired current? (2)
How can we force @to have the desired current?

To answer the first question, let us consider gicgt NMOS circuit with a
resistive load as shown in Fig. 3.3-5.

\ \
‘ !

|
\\}47
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Fig. 3.3-5 An NMOS circuit with a resistive load

In the ohmic region, the relationship between tineent | , and different voltages
is expressed as below:

w 1
os = Ky’ T ((Vas - Vi)Vops - EVDSZ) (3.3-1)

Voo - V
lps = =222 (3.3-2)
L

Suppose we want to have a desired curiggt We may think that . is a constant.
But, from the above equations, we still have thragables, namely,, V,s andR .

Since there are only two equations, we cannot fimese three variables for a given
desired| 5.

In the boundary between ohmic and saturation regwhereV,, =V, - V,, the

t?
two equations governing current and voltages intrtduesistor are as follows:

IDs :_knl o (VGS - Vt)2 (3-3'3)

(3.3-4)

As can be seen, there are still three variablesahdtwo equations.

There is a trick to solve the above problem. W& monnect the drain to gate as
shown in Fig. 3.3-6.
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Fig. 3.3-6 The connection of the drain and the gat
After this is done, we have
Ves =Vos (5B
We have successfully eliminated one variable. desi
Voo -V, =Vpe - V. (3.3-6)
From Equation (3.3-6), we have
Vps >Vgs - V, (3.3-7)

Thus, this connection makes sure that the tramsstio saturation region. Since it is in
the saturation region, we have

1, . W
l bs :Ekn T Ves - Vt)2 (3.3-8)

and |, =-22_-CS (3.3-9)

Although we often say that a transistor is in ggtian if its drain is connected to
its gate, we must understand it is in a very pecudituation. Traditionally, a transistor
has a family oflV -curves, each of which corresponds to a specifeté fias voltage
Vs and besides, th¥,; can be any value as illustrated in Fig. 3.3-2.c®the drain is

connected to the gate, we note the following:

(1) We have los¥/,¢ because it is always equal ¥Qs. Therefore, we do not have the
traditional IV -curves any more.

(2) For eachVg, since V,s =V, we haveV,s >V, -V,. This transistor is in
saturation. But it is rather close to the boundaeyween the ohmic region and the
saturation region.

(3) Because of the above point, the relationshtpvéen currentl . and voltageV,, is
the dotted line illustrated in Fig. 3.3-7.
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Ips(mA)
A
Vos EVes- Vi

Triode !

. —»<«——— Saturation Region ——>»
Region I

VDs 3 VGS - \/t

Vsinareasing . D
> S

> Vps(V)

Fig. 3.3-7

(4) We may safely say that the transistor is n@éora transistor. It can be now viewed
as a diode with only two terminals. The relatiapshetween current , and voltage

Vs IS hyperbolic expressed in Equation 3.3-8.

(5) For a traditional transisto¥, is supplied by a bias voltage. Since there is no
bias voltage, how do we determilg,. Note that the desired current is related/ig.
This will be discussed in below.

Given a certain desiredl,s, V;s can be determined by using Equations (3.3-8).
Thus R can be found by using Equation (3.3-9). We ca@o aletermine/,; and R,

graphically as shown in Fig. 3.3-8. This meand tha can design a desired current
source by using the circuit shown in Fig. 3.3-6y dljusting the value oR,_, we can get
the desired current.
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Ips
A
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R Ry
D A0y TR
G ‘ Ri3
‘ S Ips3
Vas

(a) A transistor with drain and gate connected  (b) The determination of current in a transistor
with drain and gate connected

Fig. 3.3-8 The generation of a desired current

Let us examine Fig. 3.3-6 again. We do not havprbvide a bias voltag¥

any more. This is a very desirable property whigh become clear as we introduce
current mirror. But, the reader should note theadoes exist and it is produced.

In this section, we have discussed how to generatesired current. In the next
section, we shall show how we can forcet@have this desired current. This is done by
the current mirror.

Section 3.4 The Current Mirror

Let us consider the circuit in Fig. 3.4-1.
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l R R, l
b
D D
Q- %ﬁ Q2
S S

Fig. 3.4-1 A current mirror

Suppose Qand Q have the sam¥, Note that Qis in the saturation region and
has a desired current, in it. Assume @ is also in the saturation region. Since
V.o = Vs, by using Equation (3.3-3), we have

W/
1 L.

l, W,
Ll

If W, =W, and L, =L,, from Equation (3.4-1), we havk, =1,. Q is called a current
mirror for Q.

(3.4-1)

As indicated before, Qmust be in the saturation region. So our quesigon
Under what condition would Qbe out of saturatiod, =1,. Note that Q@ must be

connected to a load. If the load is too high, thik cause it to be out of saturation as
illustrated in Fig. 3.4-2.
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l R R Current changes i Current is almost constant
I with V. i with respect to Vps,
D D }
Qi %ﬁ Q2 % For a fixed Vgs,.  (This Vasa is determined by 1)
S s ‘
} VI),\2
F—Active region—*———  Saturation region ———

1

The reader may be puzzled about one thing. Wewktiat if an NMOS
transistor is in the saturation region, its currenetermined by/s. Is this still true in

this case? Our answer is “Yes”. That is, for @émeuit in Fig. 3.4-1,1(Q,) is still
determined by/g,. But, we shall now show th&t,, is determined by (Q,).

Fig. 3.4-2 The out of saturation 0p Q

Note thatV.,, =V,. Consider @ The special connection of;Q@nakes
Vea =Vps - But

VDSl :VDD - | DSlRL (3-4'2)

Thus, from Equation (3.4-2), we conclude that,, which is equal td/,, which is in
turn equal tov,g,, is determined by (Q,) .

The advantage of using the current mirror is timbiasing voltage is needed to
give a propelN,s,. There is still &/,,. But thisV,, is equal toV,y which is in turn

determined byl (Q,). 1(Q,) is determined by selecting a propRr, as illustrated in
Fig. 3.4-3.
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? Ipsi
A
Von/Ry,
D D
e %ﬁ - I
di-=-====--
S S i
l > Vpsi
Vor=Vast Voo

|

Fig. 3.4-3 The determination of the biasing vodtaga current mirror

A current mirror can be based upon a PMOS tramrsés in the CMOS amplifier
case. Fig. 3.4-4 shows a CMOS amplifier with aextrmirror.
VDD VDD

llz

Qs — Q2

lg R, " Q1 Vtut
Ves g i

TFig. 3.4-4 A PMOS current mirror

We must remember that the purpose of using a dumeror is to generate a proper
I-V curve of Q. This |-V curve serves as a load curve farda3 shown in Fig. 3.4-5.
From Equation (3.3-8) and (3.3-9), we know thatalojyusting the value oR_, we can
obtain different current values ingQwhich mean different I-V curves in,Q In other
words, if we want a different load curve of,@ve may simply change the value Rf.
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llz
Load curves of Q1 produced
by different R;'s
Qs j E— ﬁ Q: -~

/ For a fixed Vst

La T

R, % ﬁ RS

in v

Vs i v out
= —= (ideal)

IH]

(a) A current mirror (b) Different R;'s producing different I-V curves for Q
Fig. 3.4-5 The obtaining of different |-V curves fan NMOS transistor through a
current mirror

Section 3.5 Experiments for the CMOS Amplifiers with

Current Mirrors
In this set of experiments, we used the circuivghm Fig. 3.5-1.

T | VDD=3-3 V

L=0.35u L=0.35u

Wy=10u ME }_ M2 p=10u

4
2 out
R=40k 3 -
o
VG.§|=0.7V - u
5
= Vin —

Fig. 3.5-1 The current mirror used in the experita®f Section 3.5

Experiment 3.5-1 The Operating Points of M1 and M3

In this experiment, we like to find out whethe¥lk) is equal to I(M3) or not. We
first try to find the characteristics of M1. Theogram is shown in Table 3.5-1. We then
do the same thing to M3. The program is shownabl& 3.5-2. The curves related to
M1 are shown in Fig. 3.5-2. The curves related ® &% shown in Fig. 3.5-3. Note the
I-V curve of M3 is not a typical one for a transisbecause the gate of M3 is connected
to the drain of M3.

Table 3.5-1 Program for Experiment 3.5-1

Ex3.5-11
.protect
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dib 'C:\model\tsmc\MIXEDO35\mmO0355v.I' TT
.unprotect
.0p

.options nomod post

VDD 1 0 3.3v

R4 4 0 30k

Rdm 1 11 O

.param W1=10u W2=10u W3=10u W4=10u
M1 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 2 4 11 1

+pch L=0.35u

+W="W2' m=1AD='0.95u*W2' PD="2*(0.95u+W2)'
+AS="0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 1 1

+pch L=0.35u

+W=W3' m=1AD='0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

V2 2 0 Oov
VGS1 3 5 0.7v
Vin 5 0 Ov

.DC V2 03.3v0.1v
PROBE I(M1) I(Rdm)

.end

Table 3.5-2 Another program for Experiment 3.5-1

Ex3.5-12

.protect

dib 'c:\mmO355v.I' TT
.unprotect

.0p
.options nomod post

VDD 1 0 3.3v
R4 4 0 30k
Rdm 1 11 0

.param W1=10u W2=10u W3=10u W4=10u

M1 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1"'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
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M2 2 4 1 1

+pch L=0.35u

+W="W2' m=1AD="0.95u*W2' PD="2*(0.95u+W?2)'
+AS='0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 11 1

+pch L=0.35u

+W='"W3' m=1AD='0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

V3 4 0 Oov
VGS1 3 5 0.7v
Vin 5 0 Ov

.DCV303.3v0.1v
.PROBE I(R4) I(Rdm)
.end
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From this experiment, we conclude that 1(M3)=I(Mik) expected.
Experiment 3.5-2 The Operating Point of M2

The I-V curve of M2 is the load curve of M1. Th¥ Ilcurve of M2 is determined
by the current mirror mechanism. We were told thatcurrent mirror works only when
M2 is in the saturation region. In this experimamé first show the characteristics of
M1. The program is shown in Table 3.5-3. The ¢t/ve of M2 and its load curve (M1
is the load of M2) are shown in Fig. 3.5-4.

Table 3.5-3 Program for Experiment 3.5-2

Ex3.5-2

.protect

dib 'c\mmO355v.I' TT
.unprotect

.op
.options nomod post

VDD 1 0 3.3v
R4 4 0 30k

.param W1=10u W2=10u W3=10u W4=10u
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ML 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1'
+PD="2*(0.95u+W1)' AS="0.95u*W1' PS='2*(0.95u+W1)'
M2 2 4 11 1

+pch L=0.35u

+W="W2' m=1AD="'0.95u*W2' PD="2*(0.95u+W2)'
+AS='0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 1 1

+pch L=0.35u

+W="W3' m=1AD="'0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

V2 2 0 Ov
VGS1 3 5 0.7v
Vin 5 0 Ov

.DCV203.3v0.1v
.PROBE I(M1) I(Rdm)
Rdm 1 11 0

.end
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As shown in Fig. 3.5-4, M2 is in the saturationioeg

To drive M2 out of the saturation region, we loaegl,, from 0.7V to 0.6V.
The program is shown in Table 3.5-4 and the cuaveshown in Fig. 3.5-5.

Table 3.5-4 The program to drive M2 out of satorat

Ex3.5-2b

.protect

dib 'c\mmO355v.I' TT
.unprotect

.op
.options nomod post

VDD 1 0 3.3v
R4 4 0 30k

.param W1=10u W2=10u W3=10u W4=10u
M1 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1"'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 2 4 11 1

+pch L=0.35u

+W="W2' m=1AD='0.95u*W2' PD="2*(0.95u+W2)'
+AS='0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 1 1

+pch L=0.35u

+W="W3' m=1AD='0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

V2 2 0 Ov
VGS1 3 5 0.6v
Vin 5 0 Ov

.DCV203.3v0.1v
.PROBE I(M1) I(Rdm)
Rdm 1 11 0

.end
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From Fig. 3.5-5, we can see that M2 is now out aifistion.

Fig. 3.5-5 The out of saturation of M2

We then printed the

essential data by using the SPICE simulation pragraTable 3.5-5. We can see that
I((M2) is quite different from I(M3) now. This isug to the fact that M2 is out of

saturation.

Table 3.5-5 Experimental data for Experiment 3.5-2
subckt
element 0:ml 0:m2 0:m3
model 0:nch.3 0:pch.3 0:pch.3
region Saturati Linear Saturati
id 25.4028u -26.2672u -75.8881u
ibs -3.880e-17 6.373e-18 1.832e-17
ibd -864.4522n 1.0916f 1.1504f
vgs  600.0000m -1.0234 -1.0234
vds 3.2166 -83.3759m -1.0234
vbs 0. 0. 0.
vth  545.8793m -719.8174m -688.8560m
vdsat 85.3814m -293.2779m -318.3382m
beta 6.7003m 1.3100m 1.3166m
gam eff 591.1171m 485.8319m 485.8388m
gm 441.4749u 97.6517u 411.0201u
gds 8.7037u 268.5247u 18.5395u
gmb  111.6472u 22.6467u 87.7975u
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cdtot 11.3338f 28.6456f 14.4251f
cgtot  10.2012f 16.2693f 12.7341f
cstot  21.1660f 31.1152f 30.5144f
cbtot 27.1028f 38.9009f 33.8541f
cgs 5.6263f 8.8368f 9.9096f
cod 2.0774f 7.2706f 1.8392f

Experiment 3.5-3 The DC Input-Output Relationship d M1.

In this experiment, weplotted,., versusV,,. The program is in Table 3.5-6
and the DC input-output relationship is shown ig. B.5-6.

Table 3.5-6 Program of Experiment 3.5-3

.protect
dib 'c:\mmO355v.I' TT
.unprotect

.0p
.options nomod post

VDD 1 0 3.3v
R4 4 0 30k

.param W1=10u W2=10u W3=10u W4=10u
M1 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 2 4 1 1

+pch L=0.35u

+W="W2' m=1AD='0.95u*W2' PD="2*(0.95u+W2)'
+AS="0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 1 1

+pch L=0.35u

+W="W3' m=1AD='0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

VGS1 3 0 Ov

.DC VGS1 03.3v 0.1v
.PROBE I(M1)

.end
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Section 3.6 The Current Mirror with an Active Load
In the above sections, the current mirror has stres load. As we indicated before, a
resistive load is not practical in VLSI design. eféfore, it can be replaced by an active

load, namely a transistor. Fig. 3.6-1 shows acglpCMOS amplifier whose current
mirror has an active load.

VDD VDD

Q.

=

VOII’

\\M\
\\F
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Fig. 3.6-1 A current mirror with an active load

In the above circuit, €is a current mirror while Qs its load. Note that the main
purpose of having a current mirror is to produagesired basing current ino@hich is
equal to the current inQ) To generate such a desired current, we useVheurve of Q
and its load curve, which is the I-V curve of. Qrhese curves are shown in Fig. 3.6-2.

Fig. 3.6-2 The determination of operating point¥&4 in Fig. 3.6-1

Note that we have a desired current in our mind. w@ just have to adjust,,

such that its corresponding |-V curve intersects IV curve of Q at the proper place
which gives us the desired current in\@hich is also the current insQ

We indicated before that we like to use currentrongr because we do not like to
have two biases as required in a CMOS circuit shimwfig. 3.1-5. One may wonder at
this point that we need two power supplies (cornstattage sources) for this current
mirror circuit in the circuit shown in Fig. 3.6-INote that in this circuit, although there
are two biases, they can be designed to be the. sdimas, actually, we only need one
bias. If no current mirror is used in a CMOS citcwe must need two different biases.

Besides, it will be shown in the next chapter tia current mirror actually has an
entirely different function. That is, it providesfeedback in the differential amplifier
which gives us a high gain.

Section 3.7 Experiments with the Current Mirror with an
Active Load

In the experiments, we used the amplifier circhdwn in Fig. 3.7-1.
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Vor=3.3V

L=0.35u j L=0.35u
Wit0u M3 = M2 =10u

out

L=0.35u

W,=10 _
Vbias=0.7V—‘ Ma f‘ M1 £ (1133”
V,=0.7V" W=10u

Fig. 3.7-1 The current mirror circuit for experinmte in Section 3.7

Experiment 3.7-1 The Operating Point of M4.

The program for this experiment is shown in TahleB The curves are shown in
Fig. 3.7-2. We like to point out again that thadacurve of M4 is the I-V curve of M3.
This I-V curve of M3is hyperbola because the gdt&18 is connected to the drain of
M3. The result shows that the current is 100ujitecsmall value.

Table 3.7-1 Program for Experiment 3.7-1

.protect
dib 'cAmmO355v.I' TT
.unprotect

.op
.options nomod post

VDD 1 0 3.3v

Jparam W1=10u W2=10u W3=10u W4=10u

M1 2 3 0 0

+nch L=0.35u W=W1'm=1 AD='0.95u*W1'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 2 4 11 1

+pch L=0.35u

+W='W2'm=1 AD='0.95u*W2' PD="2*(0.95u+W2)'
+AS='0.95u*W2' PS="2*(0.95u+W?2)'

M3 4 4 31 1

+pch L=0.35u

+W='W3'm=1 AD='0.95u*W3' PD="2*(0.95u+W3)'
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+AS="'0.95u*W3' PS="2*(0.95u+W3)'

M4 4 5 0 0

+nch L=0.35u

+W=W4' m=1 AD='0.95u*W4' PD="2*(0.95u+W4)'
+AS='0.95u*W4' PS="2*(0.95u+W4)'

V4 4 0 Ov

VGS1 3 6 0.7v
VGS4 5 0 0.7v
Vin 6 0 Oov
.DCV403.3v0.1lv
.PROBE I(M4) I(Rm3)
Rdm 1 11 O
Rm3 1 31 O

.end
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Fig. 3.7-2 Operating point of M4

The gain of this amplifier was found to be 30. Tdregram for this testing is in Table
3.7-2 and the signals are shown in Fig. 3.7-3.

Table 3.7-2 Program of the gain in Experiment B.7-

.protect
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Learn

®

ing

dib 'cAmmO355v.l' TT
.unprotect

.0p
.options nomod post

VDD 1 0 3.3v

.param W1=10u W2=10u W3=10u W4=10u
M1 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1"'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 2 4 1 1

+pch L=0.35u

+W="W2' m=1AD='0.95u*W2' PD="2*(0.95u+W2)'
+AS='0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 1 1

+pch L=0.35u

+W="W3' m=1AD='0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

M4 4 5 0 0

+nch L=0.35u

+W='"W4' m=1AD='0.95u*W4' PD="2*(0.95u+W4)'
+AS='0.95u*W4' PS='2*(0.95u+W4)'

VGS1 3 6 0.7v
VGS4 5 0 0.7v
Vin 6 0 sin(Ov 0.01v 10Meg)

tfran 0.1ns 600ns
.end
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Fig. 3.7-3 The gain of the amplifier in Experim@&nt-1

Experiment 3.7-2 The Influence oNVgs4

In this experiment, we increas&f,, from 0.7V to 0.75V. This will raise the

current in M3 and consequently that of M2. The paog to test the gain is shown in
Table 3.7-3 and the signals are shown in Fig. 3.74e gain was reduced to 6.

Table 3.7-3 Program for Experiment 3.7-2

.protect
dib 'c:\mmO355v.I' TT
.unprotect

.0p
.options nomod post

VDD 1 0 3.3v

.param W1=10u W2=10u W3=10u W4=10u

M1 2 3 0 0

+nch L=0.35u W="W1'm=1 AD='0.95u*W1'
+PD="2*(0.95u+W1)' AS='0.95u*W1' PS="2*(0.95u+W1)'
M2 2 4 1 1

+pch L=0.35u

+W="W2' m=1AD='0.95u*W2' PD="2*(0.95u+W2)'
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+AS='0.95u*W2' PS="2*(0.95u+W2)'

M3 4 4 1 1

+pch L=0.35u

+W="W3' m=1AD="'0.95u*W3' PD="2*(0.95u+W3)'
+AS='0.95u*W3' PS="2*(0.95u+W3)'

M4 4 5 0 0

+nch L=0.35u

+W="W4' m=1AD="'0.95u*W4' PD="2*(0.95u+W4)'
+AS='0.95u*W4' PS="2*(0.95u+W4)’'

VGS1 3 6 0.7v
VGS4 5 0 0.75v
Vin 6 0 sin(Ov 0.01v 10Meg)

tfran 0.1ns 600ns
.end

Fig. 3.7-4 The gain in Experiment 3.7-2

Section 3.8 A Summary of the Current Mirror Technolbgy

To make the idea of the current mirror clear,ustmake a summary of it as
follows. Consider the CMOS transistor circuit hswn in Fig. 3.8-1.
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Fig. 3.8-1 A CMOS transistor circuit

Suppose we have already selected a cekainfor Q;. This Vg will produce

an IV - curve as shown in Fig. 3.8-2. This curve shdvet the corresponding current in
Q: must be the desired current.

A

Ipst

/L pd

Vasy

Vour=Vpsr
Fig. 3.8-2 Thel - V curve of the NMOS transistor in Fig. 3.8-1 under assumption
that | ;.4 IS Specified

We now need to select an appropridig, for Q. ThisV¢,, needs to produce an

IV - curve for Q as shown in Fig. 3.8-3. In other words, these tWc curves must
match.
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Ipsi=Ispz
A V.SGZ V
GST1

e ¥
Vour=Vps1
Fig. 3.8-3 The matching of thi&/ curves of the two transistors

A well-experienced reader will understand thgt, is usually not equal ¥ .

Therefore, we have to two different power suppt@dias our transistors. The current
mirror technology tries to avoid the necessity afihg two power supplies. Instead of
thinking giving Q an appropriate bias voltage, we shall give it pprapriate current

because we all know that a bias voltage will cqroesl to a current if the transistor is in

the saturation region.. This appropriate currenistmbe the desired current for.Q
Consider Fig. 3.8-4.

VDD

J
T

g{ L@
|

Vess=Vasi

Fig. 3.8-4 A CMOS transistor where t;]e gate amdditain of the PMOS transistor are
connected together

Suppose Qis identical to @ in Fig. 3.8-1 and we have¥,g, =V;q. Then the

IV - curve for Q will be identical to that for @ Furthermore, since Qs in the
saturation region because of the connection afrdas to gate, thdV - curve forQ, will

be a hyperbola curve. Fig. 3.8-5 shows that wé hvaive the desired current @, and
Q-
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- Vass=Vasr

Viss
Fig. 3.8-5 The current in

We now connect these two circuits together to tansa current mirror as shown
in Fig. 3.8-6.

*—o

R

i
m

~
-
I

Flg 3.8-6 A complete current mirror circuit

wH|||
‘%'Mj; l

Assuming thatQ, and Q, are identical, we shall have a desired curren@Qin
which is also the desired current fQ;. Thus we have avoided to have two different
power supplies. But, we must realize that we b@lve givenQ, an appropriaté/gg,.
Note thatVy,, =Vs,. Vs IS created, not supplied. This can be understopd
considering thelV - curves ofQ, shown in Fig. 3.8-7. We can now see that once we

have the desired current f@,, we have also got the desired bias voltageQor Thus
we may really call the current mirror circuit a &sivoltage mirror”.
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Vsas = Vsaz Vs
Fig. 3.8-7 The currentinQ

The Differential Amplifiers

Section 3.8 A Two Terminal Differential Amplifier with
Resistive Loads

Let us start by considering the differential ametifas shown in Fig. 4.1-1.

.1
’
—— |
— |
°2

Fig. 4.1-1. A differential amplifier

There are two input terminals and two output teafsin Suppose that the two
signals on input terminals 1 and 2 are the sangeothput signals on output terminals 1

and 2 are also the same, as shown in Fig. 4.1RRs\, = O.
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Vo
Vin Vout
A

2\

Fig. 4.1-2 Signal at the terminals of a differahimplifier

Let v, (v;,) denote the input voltage signal at input termih@) and letv, (v,, )
denote the output voltage signal at output termlig2). Then

Vout = Vo1 = Vo2
=a(vi; - Vi)

as shown in Fig. 4.1-3.

=V0 1
Vil ‘
A%
vin out
Vi l
Vo2

Fig. 4.1-3 The output voltage of a differentialifer

As shall see later, there are several advantaigeaving a differential amplifier.
We now show a very simple two output-terminal diigtial amplifier displayed in Fig.
4.1-4. Note that the input AC voltages are atgates and the output AC voltages are at
the drains of the transistors. Note that therefdeinputs from gates of Qand Q and
outputs from the drains of;@nd Q.
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VDD

I

Vol

=

Vo2

vV —_— =
out 2

p L

Y

Fig. 4.1-4 A differential amplifier will two tramstors

In the above circuit, there is a constant curmirce. By a constant current
source, we mean a device which provides constanémueven when the load changes.
Let us consider Fig. 4.1-5. In Fig. 4.1-5(a), thex a constant voltage source. Whatever
the load is, the voltage remains the same. Thesctirent flowing through the load
changes with respect to the load. In Fig. 4.1;5¢igre is a constant current source. In
this case, no matter how the load changes, themufiowing through the load remains
the same. Thus the voltage across the load chainpesvalue of the load changes. We
shall show later how to design a constant curreatce

,
— l
Vv —

Zﬁ s Rpg y

(a)

(b)

Fig. 4.1-5 Constant voltage and current sources
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Consider the circuit in Fig. 4.1-4. If small A@sals v, andv,, are applied to
the gates of Qand Q respectively,v, causes a small AC currentand v,, causes a
small AC currenti, as shown in Fig. 4.1-6
VDD VDD

RLl RL2 i1=i2

Vout

o

Fig. 4.1-6 AC currents in a differential amplifier

But | is a constant current source. Therefore no ACectirmay flow into it. This
means thati, =-i,. That is, there is a small signal AC currantflowing in the
differential amplifier as shown in Fig. 4.1-7.
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VDD VDD

Rpi Ji i‘ Rp

voul

oy

Fig. 4.1-7 The AC currents in a differential arfipli with opposite signs

Therefore, we have

Vor =-1Ry (4)-
Vor iR, (@)
and Vo, =V, - Vo TRy R, ) (4.1-3)

That we definev,, =v,, - v, instead ofv,, - v,, will become clean later.

ol?
If R, =R, =R, we have
Vo, = 2R (41

What is the value of ? Intuitively, we know that it is related to theput signalsv,,
and v,,. Let us draw the small signal equivalent cirdoit the differential amplifier.

First, we should open circuit the constant curremirce because the small signal AC
current will not get into a constant current sour&econd, we should short circuit all of
the constant voltage sources. The resulting ¢irsuiow shown in Fig. 4.1-8.
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Fig. 4.1-8 The circuit in Fig. 4.1-7 with constaraitage source short-ckted and constant
current source open-ckted

Then the small signal equivalent circuit of the &figy is shown in Fig. 4.1-9.

RLl RL2
G G
O| gl— 1 _—_OD2 ge 2
Vgls > OmVys To1 T2 J>gm2ngs ngs
S . —3
S

Fig. 4.1-9 The small signal equivalent circuiteadiifferential amplifier

We may ignorer,, andr,, because they are usually very large. Thus, we laav
equivalent circuit as in Fig. 4.1-10.

g' gl Ry, Ri» D, gz

l O
v J/ ll l T J%gmzvgzs ngs

9iS g mlvgls

S ° e
S

Fig. 4.1-10 A further simplification of the smalgnal equivalent circuit

of a differential amplifier
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We should note here that, * v, and v, * v,  because the voltage at S is not
grounded. But,

Vip =Vip = Vip =V - Vg =V - Vg - (vgz - V) =Vgs- Vs (4.1-5)
We further have
I =05, Vas = Om,V,s - (4.1-6)
Thus, we have:
i
Vgs =—— (4L
Im,
- i
ngs = (‘Bl_
I,
and v, =V -V, =i i+i (4.1-9)
On O,
Let us assume tha,, =g, =9, - We have
v, =2 (@0)
Om
and finally,
g
i=="v 41
> Vi (a1

Combining Equations (4.1-4) and (4.1-11), we have:
Vou = 9,R Vi, (4.1-12)

The gain of the amplifier is as follows:

a=tu—g R (4.1-13)

n
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From Equation (4.1-13), we conclude tH&t should be large. But a larg& may drive
the circuit out of saturation. This is the drawkbad a differential amplifier with a

resistive load.

Experiment 4.1-1 AC Currents in a Differential Amplifier with Opposite Signs

The purpose of this experiment is to show thatARecurrents in a differential
amplifier are opposite to one another. The cirughown in Fig. 4.1-11. The program
is in Table 4.1-1 and the result is in Fig. 4.1-18.the circuit, MQ5 serves as a constant

current source. We shall explain why this is sthannext section.

VDD:1.5V VDD:1.5V
A
R;=270k R,=270k §
V1 V2
— —]
MQ1=10u/2u MQ2=10u/2u
Vit+ Vi-
@Vil 2
M
V65:—| MQ5=100u/2u
-4 _1 -0.95v Q
Vee-1.5V

Fig. 4.1-11 The differential amplifier circuit f&@xperiment 4.1-1

Table 4.1-1 Program for Experiment 4.1-1

AC Currents with Opposite Signs
.PROTECT

.OPTION POST

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDD VDD! 0 1.5v

VSS VSS! 0 -1.5V
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R1 VDD! vl
R2 VDD! v2
MQ1l vi Vi+
MQ2 v2 Vi-
MQS5 2 vg5
V5 vg5 O
Vint vi+ 0
Vin- 0 Vi-

.plot ((MQ1) I(MQ2)
.tran 0.001us 15us
.END

270k
270k
2 VSS! NCH W=10U L=2U
2 VSS! NCH W=10U L=2U
VSS!  VSSINCH W=100U L=2U

-0.95v
SIN(Ov 0.001v 500k)
Ov

I(MQ1)

I(MQ2)

Fig. 4.1-12 Opposite signs of AC currents in deddntial amplifier
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Section 4.2: The DC Analysis of a Two-Terminal Dférential
Amplifier with Resistive Loads

The purpose of a DC analysis of an amplifier i®lbtain the input/output relationship of
it. In Fig. 4.2-1, we show a circuit of a two-temal differential amplifier with resistive
loads.

~15V ~15V
A
R=270k § R=270k
v, v,
. Pran——
1=10u/2u 2=10u/2u
Vit V-
2
/\) Vil
FaY
/:;z‘ Vo
B V<f5—| 5=100u/2u
=-0.95v —»1
- VSS=-15V

Fig. 4.2-1 A differential amplifier with the comstt current source implemented by a
saturated transistor

Let us first note that the gate of MQ2 is connédtethe ground and there is no
input from MQ2. The small signal input is througliQ1.

The Constant Current Source

In this circuit, MQ5 is a constant current sourtet us first explain why a simple
transistor can be used as a constant current solW¢ken we say that a circuit is a
constant current source, we mean that its curretgud is independent of loads. Let us
consider any transistor. Its |-V curve is thatwhadn Fig. 4.2-2. If the transistor is in
saturation, we can see no matter what the loatsisuyrrent remains the same as long as
Vg does not change. This is why we say this is &teon current source.
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Ips &

[
-

VDS
Fig. 4.2-2 The current in a saturated transistor

In order for MQ5 to behave as a constant currentce, it must have a proper
biasing voltage and a proper load. As shown in &i8-1, the biasing voltage is -0.95v-
(-1.5v)=0.55v which is somewhat proper. But, inew difficult to define what we mean
by its load.

Let us consider the circuit in Fig. 4.2-3.

@) VDD

LR
VI

v
Vs e _fS

Fig. 4.2-3 An NMOS transistor wi?h a resistivedoa

In the above circuit, we have the following redaship betweenr ¢, Vs, R, and
Voo

I DSRL =VDD - VDS (4-2'1)

Let us assume that,. is kept as a constant. Then, from Equation (4,2v& can
see thatl ¢ changes af changes. The larger(smalleR) is, the smaller(larger) ,5
is. Note thatR, is a load of the transistor. Thus, we may vielva of transistor as a
component which will cause the current of the tistos to change wheW is a kept as
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a constant. We would like to remind the readet thaa saturated transistor,g is not
kept as a constant. In fact, for a saturated istors | 5 is kept as a constant. Thus, the
load, in reality, change¥,s, instead ofl 5.

For 1,5, we no longer have the above simple relationskjresssed in Equation

(4.2-1) because between MQ5 avig}, , there are active devices and resistive loads, not
pure resistors.

Since the source of MQ1 is connected to the do&iMQ5, for a givenV, +, we
have

(Vi+) - (Vogq +Vpss) =- LV (4.2-2)
or Vig = (Vit) - Vg +1.5V (4.2-3)

Let us again assume th&t. is kept as a constant. Then, a smalk must
correspond to a small,, and a large/, + must correspond to a larye . SinceVyy
affects | ., , which a part ofl .., we may conclude that, is a load of MQ5. A
large(small)V; + will cause a large(smally;g which will induce a large(small) g, .
Thus, a large(small, + is now viewed as a small(large) load.

Of course, we must remember that MQ5 is a constament source. Thu$,
will not be changed by, +. InsteadV, + will causeV,, to change. This is illustrated
in Fig. 4.2-4.

Ipss A

» Vit

o

|
Vpss

Fig. 4.2-4 (V,+ )as a load for MQ5
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Experiment 4.2-1 The Loads of MQ5

In this experiment, we shall show that the chaggihV, + will produce different

load curves. The circuit is that shown in Fig.-4.2 The SPICE program is shown in
Table 4.2-1 and the load curves and the I-V cureeshown in Fig. 4.2-5.

Table 4.2-1 Program for Experiment 4.2-1

Experiment 4.2-1
.PROTECT

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDD VvDD! 0 1.5V
VSS VSS! 0 -1.5V
Rm VvDD! 1 O
R1 1 v1 270k
R2 1 v2 270k

MQ1 v1 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 v2 Vi- 3 VSS! NCH W=10U L=2U
MQ5S 3 VB VSS! VSSI NCH W=100U L=2U

VIN+ Vi+ 0 Ov
VIN- 0 Vi- Ov

VBl VB 0 -0.95V
VDSS 3 VSS! 0Ov

.DC VDS5 0 3v 0.1v SWEEP VIN+ -1 1V 1V
PROBE I(Rm) [(MQ1) I(MQ2) (MQ5)
.END
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Ipss
Vi+=1

/

Vi+ increasing

»
|

Vi+ = -1/
«—Vi+=0
Vbss

Fig. 4.2-5 The load curves caused\hy-

In the above experiment, we may be a little binfuaeed by the strange looking
load curves. We shall explain this phenomenonxpeiment 4.2-5. We just want to
point out that this is due to the use of resiskbagls in our circuit. Let us now reduce the
resistive loads from 270k to 1k. The program isTable 4.2-2 and the result is in
Fig.4.2-6. The reader will feel more comfortablghwihis result.

Table 4.2-2 The program for Experiment 4.2-1 where
the resistive loads are of 1k

Experiment 4.2-2

.PROTECT

dib 'D:\model\tsmc\MIXEDO35\mmO0355v.I' TT
.UNPROTECT

.0p

vDD VvDD! 0 1.5V

VSS VSS! 0 -1.5V

Rm VvDD! 1 O

R1 1 v1 1k

R2 1 v2 1k

MQ1 v1 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 v2 Vi- 3 VSS! NCH W=10U L=2U
MQ5 3 VB VSS! VSS!' NCH W=100U L=2U

VIN+ Vi+ 0 Ov
VIN- 0 Vi- Ov

VBl VB 0 -0.95V
VDS5 3 VSS! Ov
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.DC VDS5 0 3v 0.1v Sweep vin+ -1V 1V 1V
.PROBE I(Rm) I(MQ1) I(MQ2) I[(MQ5)
.END

Ipss

Vi+ increasing

»
|

Vbss
Fig. 4.2-6 The load curves caused\hy+ where the resistive loads are of 1k

A Rough DC Analysis of the Differential Amplifier with Resistive Loads

Let us redraw the differential amplifier in Fig247.
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VDD 4 VDD 4

\
R k R k §
4 4
> <
/ /
v, DS DS v
2

7‘1_ . H

vss v
Fig. 4.2-7 A differential amplifier for DC analgsi

We start from MQ5. MQ5 must be in the saturastate; otherwise, it cannot be
used as a constant current source. As indicate8eiction 1.2, the condition for a

transistor to be in saturation state is thaV,q >V -V,. Now,
Vess =- 095/ - (- L5V) = 055/ andV g - V, = 055/ - 05/ = 005/ . Thus, we must
have Vs, > 005/ . We shall show later that,. will be quite large in our operation
region which means that,s. is much larger tharDO5/ . This ensures that MQ5 is in
the saturation region and can be used as a comstaaht source.

Let us see whether MQ2 can conduct or not. ThédsgV,, is - IV. Thus,
Vs, 2 0- (- V) =1V. Therefore MQ2 conducts all the time.

Whether MQ1 conducts or not depends upy . Let us imagine thav, + starts
to increase. This will causg,g, to increase and o, to decrease because MQ5 is a
constant current source after it is driven intousstion. As soon agV, +)=0V,
lost = I psp- After V,+ is larger than Vg, 1, reaches its limit because of the rather high
value of R, and remains a constant afterwards. So dgs after I, remains a
constant. The entire situation is illustrated ig. B.2-8.
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Fig. 4.2-8 The currents of the differential amplifasV, + increases

Now, V, =V, - 1 ,s,R, and V, =V, - I ,4R. We know thatR =R, =R.
Therefore, we have:

Vou =V2 - Vi = (lpg - 1ps2)R (4.2-4)

out

As shown in Fig. 4.2-8, a¥, + increases| g, increases and finally remains a constant
after it reaches a limit. In the mean time,, decreases and also remains a constant
finally. Thus, the behavior of_, will be as shown in Fig. 4.2-8.

out

Fig. 4.2-9 tells us another significant point. atFs,V,+ must be ¥ because only
at this voltage will the input-output relationstias a sharp change.

AV, =WV,
0 v+
Fig. 4.2-9V,, versusV, +
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We can see that there is no sharp jumiygf asV,+ increases. We shall see

later that this differential amplifier will be mdakd such that there will be a sharp jump
of V.

A More Detailed DC Analysis of the Differential Amgifier

Consider the differential amplifier in Fig. 4.2-gan. In the above DC analysis of the
circuit, we view the problem almost entirely frotretviewpoint of the constant current

source. We casually claimed that\4s increasesY,q, increases as W . =V, is kept

a constant. In reality, the drain of MQ5, whichako the source of MQ1, is not
connected to any power supply. Thereforg, =V, may change. We simply cannot

assume that it is kept as a constant.

We pointed out before that a largér will correspond to a smaller load for MQ5.

The load curves and the I-V curve are now showhign 4.2-11. Note that a small load
means a highey, +.

Ipss
A

Vit

AN

N\

Vpss

Fig. 4.2-11 The increasing ®,¢, due to the increasing &f +

From Fig. 4.2-10, we conclude that s+ increases\V,. increases. Since
Vg =- 15V which is a constant, we may conclude tha¥as increases)/, increases
accordingly. Luckily,V,.; does not increase as fast\as does. We thus can make the
claim that asv, + increasesV., =(V, +)-V,; increases. This will increase the current in
MQL.

Previously, we indicated that,., will decrease a3, increases because MQ5 is
a constant current source. We shall now explasyghenomenon from the viewpoint of
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voltages. For any transistor, its current is cafed by itsV,s. The gate voltage of
MQ2 is fixed. AsV,+ increasesV,, increases. Therefore, &5+ increases, Vg,
decreases. This is why,,, decreases a4 + increases.

This analysis gives the same result. It is justerdetailed and gives the reader a
clearer picture about the voltages at every nodbeotircuit.

For the amplifier in Fig. 4.2-7, we like to knowvaaurrents in various transistors
change asV,+ increases. The program is shown in Table 4.2-@ the result is

displayed in Fig. 4.2-11.

Table 4.2-3 Program for Experiment 4.2-2

DiffAmp-DC

.PROTECT

.LIB "C:\model\tsmc\MIXEDO35\mmO0355v.I" TT
.UNPROTECT

VDD VDD! 0 1.5v
VSS VSS! 0 -1.5V

R1 VDD! vl 270k

R2 VDD! v2 270k

MQ1l vi vit+ 2 VSS! NCH W=10U L=2U
MQ2 v2 Vi- 2 VSS! NCH W=10U L=2U
MQS5 2 vgS VSS!  VSSINCH W=100U L=2U

V5 vg O -0.95v
Vin+ vi+ 0 Ov
Vin- 0 Vi- Ov

.DC Vin+ -1lv 1lv 0.1v
.PROBE I(MQ1) I(MQ2) I(MQ5)
.END
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I(MQs)

I(MQ2) ™S
e

1(MQ,)
Vi+
Fig. 4.2-11 1(MQD), 1 (MQ2) and | (MQ 5) vsV, + for the differential amplifier in Fig
4.2-7

We can see from Fig. 4.2-11 that ¥s- increases,| (MQ 2Iwill increase and
I (MQ2) will decrease. We may interpret this as a restilMQ5 being a constant
current source. We may also interpret this asareasing oV, and a decreasing of
Vs, @s can be seen in the following experiment. Nio& the total current(MQ 5)s
kept a constant which shows that MQ5 is indeednstemt current source.

Experiment 4.2-3 The Voltages of the DifferentiaRmplifier

In this experiment, we tested various voltagestha amplifier. The Program is
shown in Table 4.2-4 and the results are in Figr12.

Table 4.2-4 Program for Experiment 4.2-3

DiffAmpDC

.PROTECT

.OPTION POST

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDD VDD! 0 1.5v
VSS VSS! 0 -1.5V
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R1 VDD! v1 270k

R2 VDD! v2 270k

MQ1l vl vit 2 VSS! NCH W=10U L=2U
MQ2 v2 Vi- 2 VSS! NCH W=10U L=2U
MQ5 2 vgs VSS!  VSSINCH W=100U L=2U

V5 vg5 O -0.95v
Vin+  vi+ 0 Ov
Vin- 0 Vi- Ov

.DC Vin+ -1v 1v 0.1v
.probe V(vi+,2) V(vi-,2)
.END

Ve Vosr
} N
v, =~
/
2 T
Vps

Vi+

Fig. 4.2-12V,, V,, Vg, Vss, andV,, versusV, + for the differential amplifier in Fig.

4.2-6
The experiment confirms what we pointed out before:

(1) Vys increases a¥, + increases.
(2) Vg increases antl,,, decreases a4 + increases.
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(3) V, increases antf;, decreases a4+ increases.

The relationship betweeyy+ andV,, =V, - V, is shown in Fig. 4.2-12.
Vout=I/]'V2

Vit
.4.2-13V,, vsV, + for the differential amplifier in Fig 4.2-6

out

Fig

Since there is not a very sharp in Fig. 4.2-13 thiferential amplifier does not
have a high gain, as expected. A much improveferéifitial amplifier with active loads
will be introduced in the next section.

Let us take a look at Fig. 4.2-12 again. Notd ¥ia does not increase all the

time. This can be explained by going back to Bi@-10. It reaches a maximum and
remains a constant afterwards. We shall now texgain whyV,, has such a behavior.

First of all, from the circuit in Fig. 4.2-7, we V&t

Vs +Vog = V4 (4.2-5)
From (4.2-5), we have

Vos =V, - Vg, (4.2-6)

Equation (4.2-6) indicates th&t,. is bounded by,. The maximum oW/, is reached
whenV,g, = O Under such circumstances,.=V, .
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Fig. 4.2-12 illustrates the above point. Notet sV, decreasesy,. increases.
But V, cannot decrease indefinitely. Neither dag increase indefinitelyV, will reach
its minimum while V,, reaches its maximum which is an equilibrium steteere
Vo =0.

That V. cannot increase indefinitely is quite significaritVe should note that
Vos, =Vg, - Vps =0- Vs =-V..  If Vo cannot increase indefinitelyys, cannot

decrease indefinitely. Thus, cannot decrease indefinitely.. This further caubatV,
cannot increase indefinitely. All of this can lees in Fig. 4.2-12.

That V, cannot increase indefinitely is not very ideah fact, as we shall see
later, in the next circuity, does increase to a much higher value.

As for V4, Vg decreases all the time becatkg, increases all the time. Fig.
4.2-14 illustrates this point. In facV,s even reduces to 0. N g is fixed, Vg
reducing to 0 means that M@ out of saturation. Bul/q is increasing. Therefore, the
transistor is not out of saturation whep,, = . After Vg = 0, it remains to be O.

Ipst

Vst

Fig. 4.2-14 The behavior &fg,

The behavior oW, is just the opposite. For MQV,,, decreases because of the
increasing ofV,, =V,,. But, as explained befor¥,, reaches a maximum and remains
a constant afterwards. Thug,,, decreases to a minimum and remains a constant. As
shown in Fig. 4.2-15V,,, and thusV, will increase to a maximum and remain a
constant accordingly.
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Ves2

> Vpsa

\ 4

Fig. 4.2-15 The behavioNgf,
Experiment 4.2-4 V,,, and Vg, VS Vi+

In this experiment, we showed the behavior\@f, and V., vs Vi+. The
program is in Table 4.2-5 and the result is in Big-16.

Table 4.2-5 Program for Experiment 4.2-4

Experiment 4.2-4
.PROTECT

.OPTION POST

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDD VDD! 0 1.5v
VSS VSS! 0 -1.5Vv

R1 VDD! v1 270k

R2 VDD! v2 270k

MQ1 v1 vit 2 VSS!' NCH W=10U L=2U
MQ2 v2 vi- 2 VSS! NCH W=10U L=2U
MQS 2 vg5 VSS!  VSSINCH W=100U L=2U

V5 vg5 O -0.95v
Vin+ vi+ 0 Ov
Vin- 0 Vi- Ov

.DC Vin+t -1v 1v 0.1lv
.probe V(v1,2) V(v2,2)
.END
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VDSl

VDSZ

Vi+
Fig. 4.2-16V,g andV,, vs Vi +

Experiment 4.2-5 The Resistive Loads of MQ5

In the above discussions, we somehow implied Vhat is the only load of MQ5.
We missed one point: Actually, resistols and R, are both loads and they must be
appropriate. Incorrect values 8 and R, will cause MQ5 to be out of saturation. This
experiment demonstrates this point. In the expemimwe setV, + to be OV and

changed the resistors from 200K to 700K. The @woygis in Table 4.2-6 and the result is
in Fig. 4.2-17.

Table 4.2-6 Program for Expemnn4.2-5

Experiment 4.2-5
.PROTECT

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p
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vDD vDD!' 0 1.5V
VSS VSS! 0 -1.5V
Rm VvDD! 1 O

Rl 1 vl RL

R2 1 v2 RL

MQ1 v1 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 v2 Vi- 3 VSS! NCH W=10U L=2U
MQ5 3 VB VSS! VSS!' NCH W=100U L=2U

VIN+ Vi+ 0 Ov
VIN- 0 Vi- Ov

VBl VB 0 -0.95V
VDS5 3 VSS! Ov

.DC VDS5 0 3v 0.1v SWEEP RL 200k 700k 100k
.PROBE I(Rm) I(MQ1) I((MQ2) I(MQ5)
.END

R 1=R/, increasing

Fig. 4.2-17 Load curves of MQ5 with respect tastege loads

Perhaps it is meaningful to explain why the régstload curves of MQ5 look like
those in Fig. 4.2-5. Note that &5 increasesV,, also increases becau¥g, is a

constant. Thus, so far as transistor MQ1 is corexkr the increasing oV,g IS
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equivalent to the decreasing 9fg, if the biasing voltage of the gate of MQL1 is fixed
Consider a typical NMOS transistor circuit as shawikig. 4.2-18. Its currents Vg
for different loads are shown in Fig. 4.2-19. Thiss explained in Chapter 1.

L

———O

?

4{
= 1.

Fig. 4.2-18 A typical NMOS circuit

R_ decreasing
Vs

Fig. 4.2-19 Current v§¥4 for different loads

We note thaV, + can be considered as a load, jusRas The increasing oV, +
is actually equivalent to the decreasingRf. Thus we can easily see why we would
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have the result shown in Fig. 4.2-17.. Using thsult of this experiment, we can also
explain the behavior of load curves shown in Fig-3.

Section 4.3 Differential Amplifier with Active Loads

Fig. 4.3-1 shows a differential amplifier with aciloads.

VDD

Ly

Q; {

Qi Vol

Vout

VDD

Q4

e e e @]

Vo2

Q,

A

@V,-]

Vi2

Fig. 4.3-1 A differential amplifier with active dals

In this circuit, Vg =V, because the gates of @d Q are connected to each

other and both sources ot @nd Q are connected t¥,, . Qs is in the saturation region
because the its gate is connected to its drainusT® is a current mirror if Qs

saturated.

We redraw the circuit in Fig. 4.3-1 as that in.F¢3-2. Note that this time, there
is only one output terminal. We shall explain winy may keep only one terminal later.
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Vop Voo
A A

— Vour
Qi Q2
Vin

Fig. 4.3-2 A differential amplifier with one outpterminal

The Reasoning behind the Existence of Only One Outip Terminal

For an ordinary PMOS transistor in Fig. 4.3-3(#9, small signal equivalent
circuit is shown in Fig. 4.3-3(b).

S
O O O
0 o Vsp
—
©) O
G D
(a) (b)

Fig. 4.3-3 Small signal equivalent circuit of a P8 transistor

For Q in Fig. 4.3-1, its gate is connected to its dasnshown in Fig. 4.3-4(a) and
its small signal equivalent circuit is shown in Fig3-4(b)
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o O
S
] Vsg gmvsg 0 Vo
F—a
O O O
D G D
(a) (b)
. 4.3-4(a)
Fig. 4.3-4 Small signal equivalent circuit for ®I®S transistor with gate and drain
connected

In this case, we cannot say that the input sighal,; because the small signal
output voltage v,, =vy, =V,,. We should consider the currénflowing into the
transistor as the input. Thus we should havedhewing small signal equivalent circuit:

S i
S 0

\

I_ G Vsg g_];n 7o

D G D

Fig. 4.3-5 The correct small signal equivalentwir for a PMOS transistor with gate and
drain connected

Since g, is very Iarge,}g is very small. This means that, will be very

m

small. Since the source 0@ grounded, we conclude tha, is very small and can be
ignored. This is why we only pay attention to simeall signal voltage atQ

There is another way of explaining why we may igng,,. The |-V curve of Q
is as shown in Fig. 4.3-6. Since the input AC enti, is usually very small, it can only
induce a very smaWN, = v, which can be ignored.
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Isp

Vse =Vsp

Fig. 4.3-6 The output of a transistor whose gatédrain are connected

In Fig. 4.3-7, we show a real differential amg@ifwith active loads. The resistor
R, is for SPICE simulation purpose only. Note tha gate ofM, is grounded. That

is, the only input voltage is from the gatedf,.
Vop 1.5V

M,
7u/2u 7u/2u
v, -~
10u/2u 10u/2u

M,

Q u/2u J
| I.. 60u
1 Ves=- 095 [: h
= M,
Vs - 1.5V
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Fig. 4.3-7 A differential amplifier with the comstt current source replaced by a standard
transistor

The DC Analysis of the Differential Amplifier with Active Loads

First of all, there is a current mirrdvi, which controlsI (M,). 1(M,) =1(M,) if M,
is saturated and (M,) =0 if otherwise. In other words, there cannot be IgM,)
which is neither O nor equal tqM, . )

The goal of DC analysis of the amplifier is to Baa DC input-output
relationship. The input voltage ¥ + and the DC output voltage \§, - V.

Region 1:(V,+) <- 10V

SinceV, + is very low, Vg is very small. This will causé(M,) =0. This in
turn causesl(M,;)= 0 We now claim thatl(M,)=1(M,)=0. If 1(M,)?* O,
I(M,)* 0. In this caseM, will be saturated and the current mirror will worSince
I(M;)=0, I(M,)=1(M,) =0 which is contradictory.

A very critical question is as follows: K(M,) =0, will M, still be saturated?
The answer is “yes”. Note that a transistor isisded if itsVg is relatively high. In this
region, it can be seen th¥}, is very low. Thus, in this regioN, is very high. This

is possible only iV, is very small. Thu¥, is very smallVy,, is very large andV,
iS in saturation.

Region 2: - 10VE (Vit) E0V

As soon as/, + =- 10V, itis high enough to mak®l, conduct. The current mirror

immediately functions. Thus(M,) =1(M,) = I%/Z throughout this region wherk, is

the current flowing intoM .. as shown in Fig. 4.3-8.
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M,
7u/2u 7u/2u

"

10u/2u
M,

Vs
10u/2u

100u/2u J N
[ ¢ 60u
Ves= - 0.95j '
M;
Vi - 1.5V

Fig. 4.3-8 The differential amplifier for DC analg

ConsiderM,. Since its drain is connected to its gate, it6 d¢urve is that as
shown in Fig. 4.3-9. Since the currenth, is kept a constan¥/gy, is a constant.

I SD3
A

1/2

[
-

0 VSD3 VSG3
Fig. 4.3-9 The determination &, for the circuit in Fig. 4.3-8

Thus, in this regiony, =V, - V4, Is kept as a constant, as shown in Fig. 4.3-10.
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Vi

-1.0 0 Vi+
Fig. 4.3-10V, versusV, + for Region 1

In the following, we shall see hoW, behaves in this region. To understand this,
we must see how,, behaves. To understand this, we first point bat M, is a load
of M,. If My is an increasing load d¥1,, Vg, will decrease and iM, is a decreasing
load of M,, Vg, will increase as shown in Fig. 4.3-11.

e

A
L~ 4 i / " 4
4 // / I_, 4 2

Isps |

[
|

Vspa

Fig. 4.3-11 The changing &, with respect to |-V curves dfl,

So, we must now analyze the behaviorMf in this region. The load oM, is
M.. The load ofM is essentiallyM,. WhenV, + increases, it behaves as a decreasing
load for M, as shown in Fig. 4.3-12. Note that a decreakiad means that it allows
more current to flow. As shown in Fig. 4.3-22,.. will increase. Sincé&/, =- 1%,
we conclude thaV. will increase in this region.
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IossA

Load decreasing

ANERNEANIN

\E\/D\Sincreasing

VD 5

Fig. 4.3-12 The behavior &f,¢, in Region 2

Let us come back td1, again. Vg, =(V,- )-Vps=-Vys. If Vy, increasesygg,
will decrease. This subsequently makds behave as an increasing loadNb,. Fig.
4.3-13 shows tha¥,, will decrease in this region.

ISD4

4 load increasing

D -Vsm decreasing

-
{

VS D4

Fig. 4.3-13 The behavior &fg,, in Region 2

SinceV, =V, - Vg, V, Will rise, as shown in Fig. 4.3-14.

V2
A

L/ >

r
-1.0 Vit

Fig. 4.3-14 The behavior &f, in Region 2

96



The behavior oiV_, =V, - V, is now shown in Fig. 4.3-15, by combining Fig.

4.3-10 and Fig. 4.3-14.
Vout:VZ'Vl

A

——

Fig. 4.3-15 The behavior &f

out

»

Vi+

in Region 2

It is important to note that throughout this regiv, andV;g, should be high
enough. As we pointed out befoi,. increases all the time because as faMasis
concerned, the increasing o¥,+ always represents a decreasing of its load.
Vg =(V,+)-Vys. It can be found, as shown in our experimentsililte presented later,
that V. increases from 145V to - 08V. As for Vog, Vsq=(V,+)-Vys. That is ,
V.q increases from(- 1¥9)- (- 145V) =045V to 0- (- 0.8V)=08V. In fact, it
soon reache€.6V which is high enough. So far a4,,is concernedV,,, decreases
from (0- (- 145))V =145V to O- (- 08V ) =08V. Thus, throughout this regioN,g
andV,, are high enough foM, and M, to conduct.

Region 3: (V,+)>0V=(V.-)

When (V,+)>0, V.+ will be larger thanV, - becauseV,- is always equal to
OV. This means that(M,) will be larger thanl (M,). But this is impossible because
I (M,) is either equal to O or equal IdM,). Thus, after(V,+)>0, 1(M,) suddenly
drops to 0 and (M) suddenly rises to be equal t¢M, . )This is a winner-take-all

phenomenon. Before(V,+)>0, we have I(M,)=1(M,)= l(hélS). Now,

I(M,) =1(My), and1(M,) =0. Fig. 4.3-16 illustrates this phenomenon.
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[(My)

[(My)

-1.0 0 Vit
Fig. 4.3-16 The behavior of currents in Region 3

When I (M,) =0, M, is out of saturation. The reader may be quitdused at
this point, because when the currenthh, is O, the current irM, must also be 0. The
reader may easily think thasl , is open-ckted, as shown in Fig. 4.3-17.

Vop 1.5V

Ry

Vop
M3 M4
7u/2u 7u/2u
I/l I/z
10u/2u 10u/2u M4
QO +—— Vz
V,-+;4| lVr
= 100u/2u J N s
| [ ¢ 60u M2
l V= - 0.95 Q
= M,
Vss - 1.5V

Fig. 4.3-17 The operation dfl, if its open-circuited

If M, is open-cktedY, will be floating which will cause us a lot of trole because
we cannot determine the value of it. Luckily, M not open-ckted. In fact, it is short-
ckted. This will now be explained. Note that ewemen | (M ,) =0, Vg, is still high

because/,, =Vi 5 andVgg, 1 O This is possible only iV, = @s illustrated in Fig.
4.3-18.
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Vop 1.5V

A
M; M, For a ceytain/sg not equal to O.
7u/2u 7u/2u
Vi v
10u/2u 10u/2u
M M,
V,+;4| I—j[/‘_
= 100u/2u l - Vspi=0 whenlsp:=0.
I [ ¢ 60u
SS
l Ve= - 095 M >
: Vs
Vss - 1.5V

Fig. 4.3-18 The explanation d,, in Region 3

This means that as soon B@M ,) drops to 0V, will also drop to 0 and/, will

sharply rise td/,, as illustrated in Fig. 4.3-19.
Vop 1.5V

Z
A
Tu/2u Tu/2u Vbp
I/Y] I/'l
10u/2u 10u/2u
M
v £—| !,_
= 100uR -
l Ve - 0.9sj -
< 0 VI+
Vss - 1.5V

Fig. 4.3-19 The behavior &f, in Region 3

Let us examineM, again. We claimed thaM, is out of saturation after
(V,+)>0V. Note that a transistor is out of saturation omhen its load is too high. As

Vi+ increasing,V,,, becomes smaller and smaller\4s is higher and higher. Thus it
is harder and harder foM, to conduct ((M,) drops). Therefore, as far as M4 is
concerned, its load is larger and larger. Theddoad will cause/g,, to be smaller and
smaller. Note thaVg,, must be large enough to keép, in saturation. Also note that

Vs IS always constant. As soong,, drops to a value smaller thafy,, - V,,, M, is
out of saturation. This will be verified in Experent 4.4-9.
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Let us conside¥, . SinceM, is still conducting and (M, )s increased and kept as
a constant in this region, we exp&tt, =V to increase and kept as a constant because

of the I-V curve ofM, shown in Fig. 4.3-20.
Vop 1.5V

Ry

I
M, M, S?f
7u/2u 7u/2u
VI Vz
10u/2u 10u/2u
i
Vﬁgﬂ }—IV |
|
|
S L I =
T | |
| |
l Vo= - 0.95;I ! :
Vss-1.5V 0 Vsps  Vsps' Vsas

Fig. 4.3-20 The determination ¥, in Region 3

This in turn means tha¥, decreases and is kept as a constant in this reg#n
shown in Fig. 4.3-21

Vop 1.5V

Fig. 4.3-21 The behavior &f, in Region 3

Again, sinceV,, =V, - V,, by combining Fig. 4.3-19 and Fig. 4.3-21, we htwe
relationship betweel,, versusV,+ as shown in Fig. 4.3-22 for all of the three regio
100



Vop 1.5V

I out

Fig. 4.3-22V

out

versusy, +

Why can we obtain such a sharp input-output m@tatiip? This is entirely due to
the existence of the current mirror. The curreiton makesl (M,) either ! (M5% or

0. This sharp relationship makes the differerdialplifier having a rather high gain, as
shown in the experiments which we shall introducthe next section.

There is another point that we like to point oaten Why do we label the voltage
of the gate of M1 to b¥,+? This is due to the fact that as this voltagesiiso does the

output voltageV,, =V, - V,. In other words, if the increase of the voltageao input

terminal of a differential amplifier will cause thacrease of the output voltage, this
terminal will be called the positive terminal ansl voltage is often labeled (+). The other
terminal will have the opposite effect and will tetore be labeled as (-).

Section 4.4 Experiments of the Differential Amplifer with
Active Loads

In this section, the circuit used throughout th@exkments is the one as shown in Fig.
4.4-1 with slight modifications in some of the expeents.
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7u/2u 7u/2u
Vl Vz
10u/2u 10u/2u
M, M,
vie O—] v

100u/2u

S 0.95;I
— M,
Vss - 1.5V

Fig. 4.4-1 The circuit for Experiment 4.4-1
Experiment 4.4-1 The Gain of the Amplifier

In this experiment, the input small signal is tgb M, and there is no input
through M,. The program of this experiment is shown in Talld-1, the DC

parameters of the entire circuit is in Table 4.4l the testing result is in Fig. 4.4-2.
The gain was found to be 170.
Table 4.4-1 Program for Experiment 4.4-1

.PROTECT
.LIB "C:\mmO355v.I" TT
.UNPROTECT

vDDVDD! 0 1.5V

VSS VSS! 0 -1.5V

MQl1 2 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 Vo+ Vi- 3 VSS! NCH W=10U L=2U
MQ3 2 2 VvDD! vDD! PCH W=7U L=2U
MQ4 Vo+ 2 VDD! VDD! PCH W=7U L=2U
MQ5 3 VG VSS! VSS!' NCH W=100U L=2U

VIN+ Vi+ 0 SIN(0V 0.001V 500K )

VIN- Vi- 0 O
VG5 VG 0 -0.95v
.OP

PLOT I((MQ4) (MQ2) I(MQ5)
.TRAN 0.001US 15US
.END
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Table 4.4-2 The DC data for Experiment 4.4-1

subckt

element Oomgl O:mg2 O:mg3 0:mgd:mg5

model 0O:nch.1 0O:nch.l 0O:pch.1 0:pchnch.10

region Saturati Saturati Saturati Satur@aturati

id 19.5206u 19.5206u -19.5206u -19.5208@.0412u

ibs  -13.0824f -13.0824f 3.881e-18 3.881e8.B33e-17

ibd  -56.3223f -56.3223f 6.577e-16 6.577e11Hl.5776f

vgs  894.0639m 894.0639m -1.1709 -1.178%5.9361m
vds 1.2231 1.2231 -1.1709 -1.17605.9361m

vbs -605.9361m -605.9361m O. 0. 0.

vth  710.0131m 710.0131m -751.2244m -751.22%%6.7805m
vdsat 200.2249m 200.2249m -433.0550m -433.05302.8069m
beta 1.0361m 1.0361m 208.6617u 208.6610D.L2395m
gam eff 453.0920m 453.0920m 406.7156m 406.713&8.0150m
gm 175.8100u 175.8100u 83.8548u 83.85@3h.8816u
gds  467.4582n 467.4582n 739.3465n 739.34668788u
gmb 41.4346u 41.4346u 18.9597u 18.95981.5427u
cdtot 11.0389f 11.0389f 8.6110f 8.611HH0.5875f

cgtot 67.9195f 67.9195f 46.4813f 46.4853f1.6422f

cstot 84.1600f 84.1600f 61.9928f 61.99830.7700f

cbtot 38.3204f 38.3204f 31.9235f 31.923¥4.5798f

cgs 59.4616f 59.4616f 40.6216f 40.62268.6357f

cgd 2.0774f 2.0774f 1.2902f 1.29020.6444f
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Vi-

Vi+

Vo+

Fig. 4.4-2 The output and input of the differeh&implifier with active loads for
Experiment 4.4-1

Experiment 4.4-2 Two Opposite Signals
In this experiment, we have two inputs which appasite to each other, as shown

in Fig. 4.4-3. The program is shown in Table 4.4r8l the result is shown in Fig. 4.4-4.
As expected, the gain was found to be almost ddubleis 300.
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Vop 1.5V

M;

7u/2u

My
7u/2u

"

10u/2u
M,

Vs
10u/2u
M,

V‘..

100u/2u

V= - 0.95;

Vss - 1.5V
Fig. 4.4-3 The circuit for Experiment 4.4-2

Table 4.4-3 Program for Experiment 4.4-2

Ex4.4-2

.PROTECT

.LIB "C:\mmO355v.I" TT

.UNPROTECT

.OP

vDD VvDD! 0 1.5V

VSS VSS! 0 -1.5V

MQ12 Vi+ 3 VSS! NCH W=10U LB2

MQ2 Vo+ Vi- 3 VSS! NCH W=10U L=2U
MQ3 2 2 VvVDD! VDD! PCH W=7U L=2U

MQ4 Vo+ 2 VDD! VDD! PCH w=7U L=2U
MQ5 3 VG VSS! VSS! NCH Ww=100U=2U
VIN+  Vi+ 0 SIN(OV 0.001V 500K )

VIN- 0 Vi- SIN(OV 0.001V 500K)

VG5 VG 0 -0.95v

PLOT I((MQ4) (MQ2) I(MQ5)
.TRAN 0.001US 15US
.END
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Vi+

Vi-

Vo+

Fig. 4.4-4 The output for Experiment 4.4-2
Experiment 4.4-3 The Small Signal Gain at the Drai of M1

In this experiment, we measured the small signbagesv, andv, at the drains of
M, and M, respectively. The program is in Table 4.4-4 amel tesults are shown in

Fig. 4.4-5. As can be seemw, is very small as compared with, and therefore can be
ignored.

Table 4.4-4 Program for Experiment 4.4-3

.PROTECT
.LIB "C:\mmO355v.I" TT
.UNPROTECT

vDD vDD! 0 1.5V

VSS VSS! 0 -1.5V

MQ1 2 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 Vo+ Vi- 3 VSS! NCH W=10U L£P

MQ3 2 2 VDD! VvDD! PCH W=7U L=2U

MQ4  Vo+ 2 VDD! vDD! PCH W=7U L=2U

MQ5 3 VG VSS! VSSI! NCH W=100U L=2U

VIN+  Vi+ 0 SIN(OV 0.001V 500K )
VIN-  Vi-0 0

VG5 VG 0 -0.95v

.OP
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PLOT I(MQ4) I((MQ2) I((MQ5)
.TRAN 0.001US 15US
.END

Input\

Fig. 4.4-5 Results of Experiment 4.4-3
Experiment 4.4-4 The |-V Curve of M5 and Its LoadCurve

In this experiment, we plotted the |-V curve atslload curve. The- axis isVp,
and they- axis is | 5. Let us imagine tha¥,g, increases, this will cause both
and Vg, to decrease because we fix bdtlr andV,- to be 0, as shown in Fig. 4.4-6.
Thus the increasing dof s, will make current in botiM, and M, harder to flow. The
program of this experiment is in Table 4.4-5 argndsult is in Fig. 4.4-7.
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Fig. 4.4-6 The circuit for Experiment 4.4-4

Table 4.4-5 Program for Experiment 4.4-4

.PROTECT
.LIB "C:\mmO355v.I" TT
.UNPROTECT

vDDVDD! 0 1.5V
VSS VSS! 0 -1.5V

Rm VDD! 11 0

MQ1 2 Vi+ 3 VSS! NCHW=10U L=2U
MQ2 Vo+ Vi- 3 VSS! NCH W=10U L=2U
MQ3 2 2 11 11 PCH W=7U L=2U

MQ4 Vo+ 2 11 11 PCH W=7U 4
MQ53 VB VSS! VSSINCH W=100U L=2U

VIN+Vi+0 0

VIN-O0 Vi-0

VBl VB 0 -0.95v
VDS5 3 VSS!  0Ov

.DC VDS5 0 3v 0.1v
.PROBE I(MQ5) I(Rm)
.END
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Fig. 4.4-7 1-V curves of Mand its load curve

Experiment 4.4-5 The Relationship among 1(M1), [(M2, I(M5) and Vi+

In this experiment, we incread&+ to see howl (M,), I (M,) and | (M ) behave.

The program is in Table 4.4-6 and the result iBiq 4.4-8.

Table 4.4-6 Program for Experiment 4.4-5

.PROTECT
.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDDVDD! 0 1.5V
VSS VSS! 0 -1.5V

Rm VDD! 11 0
Rm3 11 13 0
Rm4 11 14 0

MQ3 2 2 13 13 PCH W=7U L2
MQ4 Vo+ 2 14 14 PCH W=7U =4U
MQ1 2 Vi+ 3 VSS! NCH W=10U PrH
MQ2 Vo+ Vi- 3 VSS! NCH w=10U L=2U
MQ5 3 VB VSS! VSS! NCH W=100U L=2U

VIN+Vi+ 0 Ov
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VB1 VB

.END

VIN-O Vi- Ov

0 -0.95V

.DC VIN+ -1 1V 0.01V
PROBE I(MQ1) I(MQ2) I(MQ5)

\|(M5) \ 1(M,)

(M)

/

Fig. 4.4-8 I(M,),I(M,) andI (M. )vsV,+

Experiment 4.4-6 The Relationship among ¥, V», Vps and V+

In this experiment, we again increas¥et and try to see how,,V, and V,,
behave. The program is shown in Table 4.4-7 aaddkult is shown in Fig. 4.4-9.

Table 4.4-7 Program for Experiment 4.4-6

Filename

.PROTECT

.LIB "D:\model\tsmc\MIXEDO35\mmO0355v.I" TT
.UNPROTECT

.0p

vDDVDD! 0 1.5V

VSS VSS!' 0 -1.5V
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Rm VDD! 11

Rm3 11 13 0

Rm4 11 14 0

MQ3 2 2 13 13 PCH W=7U =2U
MQ4 Vo+ 2 14 14 PCH  WwW=7UL=2U
MQ1 2 Vi+ 3 VSS! NCH WwW=10U L=2U
MQ2 Vo+ Vi- 3 VSS! NCH W=10U L=2U
MQ53 VB VSS! VSS! NCH W=100U L=2U
VIN+ Vi+ 0 Ov

VIN- 0 Vi- Ov

VBl VB 0 -0.95Vv

.DC VIN+ -1 1V 0.01V

.probe V(2,3) V(Vo+,3) V(Vi+,3) V(Vi-,3)

.END

Vbsi VDii
Vos '
P Y
VGSl
P}
R
Vi
V,
X
VD5

Vi+

Fig. 4.4-9 Voltage v¥, +

If we take a look at Fig. 4.4-9, we would see tlmthis circuit, V. increases
indefinitely. This was not possible in the presceircuit, as shown in Fig. 4.2-11. In

Fig. 4.2-11,V, drops all the time.

Sinc¥, is an upper bound o¥,., V., cannot
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increase indefinitely. Now, as shown in Fig. 4,4#@ceV, assumes only two values and
does not drop indefinitelyy,, can increase indefinitely. Because of this,drops to

zero andV, rises sharply. This is why in this circuit, thei® a sudden rise of
Vout :V2 - Vl'

Experiment 4.4-7 The Input-Output Relationship

The program for plotting the input-output relasbip is shown in Table 4.4-9 and
the relationship is shown in Fig. 4.4-10. As shothe rise oV , is rather sharp.

out

Table 4.4-8 Program for Experiment 4.4-7

.PROTECT
.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDD vDD! 0 1.5V
VSS VSS! 0 -1.5V

Rm vDD! 11 0

Rm3 11 13 0

Rm4 11 14 0

MQ3 2 2 13 13 PCH W=7UL=2U

MQ4 Vo+ 2 14 14 PCH W=7U =aU
MQ1 2 Vi+ 3 VSS! NCH W=10UL=2U
MQ2 Vo+ Vi- 3 VSS! NCH Ww=10UL=2U
MQ5 3 VB VSS! VSS! NCH W=100U=2U

VIN+ Vi+ 0 Ov
VIN- 0 Vi- Ov
VBl VB 0 -0.95V

.DC VIN+ -1 1V 0.01V
.PROBE V(V0+,2)
.END
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VOUt

V+

Fig. 4.4-10 V.

out

VsV, +

Experiment 4.4-8 The |-V Curve of Ms and Its Loads

M. is a transistor acting as a constant current sourlts loads are the other
transistors. A large load means something thatldvowduce a smalV,,, and a small
load means a largé,... SinceV, + is a load of M5, we can expect that differ&ht’s
produce different load curves.

In this experiment, we incread+ and obtain the |-V curve oM, and its load

curves as shown in Fig. 4.4-11. The correspongdnogram is in Table 4.4-9. Fig. 4.4-
11 shows thatM, is indeed a constant current source because itenturemains the

same.

Table 4.4-9 Program for Experiment 4.4-8

.PROTECT
.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

vDD vDD! 0 1.5V
VSS VSS! 0 -1.5V
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Rm vDD! 11 0

Rm3 11 13 0

Rm4 11 14 0

MQ3 2 2 13 13 PCH W=7U-=2U

MQ4 Vo+ 2 14 14 PCH W=7UL=2U
MQ1 2 Vi+ 3 VSS! NCH W=10UL=2U

MQ2 Vo+ Vi- 3 VSS! NCH W=10UL=2U
MQ5 3 VB VSS! VSS! NCH Ww=100u=2U

VIN+ Vi+ 0 Ov
VIN- 0 Vi- Ov
VB1 VB 0 -0.95V
VDS5 3 VSS! Ov

.DC VDS5 0 3v 0.1v SWEEP VIN+ -1.5 1.5V 0.3V
PROBE I(Rm) I((MQ1) I(MQ2) I(MQ5)
.END

I DS5

v

V+

Vbss
Fig. 4.4-11 Load curves caused by the changing of

Experiment 4.4-9V,, and Vg, as (V, +)>0V

In this experiment, we illustrat¥,, and Vg, asV,+ is greater than 0. The
program is in Table 4.4-10 and the result is in. Higl-12. As can be seen, %st
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increasesY,s, remains roughly as a constant. BUt, drops sharply. This drop causes
M, to be out of saturation.

Table 4.4-10 Program for Experiment 4.4-9

.PROTECT

.OPTION POST

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.0p

VDD VDD! 0 1.5V
VSS VSS! 0 -1.5V
Rm VDD! 11 0

MQ1 2 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 Vo+ Vi- 3 VSS! NCH W=10U L=2U
MQ3 2 2 11 11 PCH W=7U L=2U
MQ4 Vo+ 2 11 11 PCH W=7U aF
MQ5 3 VB VSS! VSS! NCH W=100U L=2U

VIN+ Vi+ O Ov
VIN- Vi- 0 Ov
VB1 vVB O -0.95V

.DC VIN+ -1v 1v 0.1v
.PROBE V(11,Vo+) V(11,2)
.END
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VS Dz}
e

VSG4
e

\/.+

Fig. 4.4-12V,, andVgg, VsV, +

Experiment 4.4-10 WhetherM; and M4 Are in Saturation When (V. +) =- 14

In this experiment, we wanted to see whetier and M, form a current mirror
when (V;+) =- 14 To be a current mirror, the two transistors mustrbthe saturation

region. The program is in Table 4.4-11 and theltes in Table 4.4-12. As can be seen,
for both transistorsy,s >V,s. Thus, they are both in saturation region.

Table 4.4-11 Program for Experiment 4.4-10

Experiment 4.4-10
.PROTECT

.LIB "C:\mmO355v.I" TT
.UNPROTECT

.OP

vDDVDD! 0 1.5V
VSS VSS! 0 -1.5V

MQl1 2 Vi+ 3 VSS! NCH W=10U L=2U
MQ2 Vo+ Vi- 3 VSS! NCH w=10U =RU
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MQ3 2 2 VvVDD! VDD! PCH w=7U =H2U
MQ4 Vo+ 2 VDD! VDD! PCH w=7U 4H2U
MQ5 3 VG VSS! VSS! NCH W=100U L=2U

VIN+ Vi+ O -1.4v

VIN- Vi- 0 0

VG5 VG 0 -0.95v
.END

Table 4.4-12 Results of Experiment 4.4-10

subckt

element Oomgl O:mg2 O:mg3 0:mgd:mqg5

model 0O:nch.1 0O:nch.1 0O:pch.l1 0:pch@nch.10

region Cutoff Linear Cutoff Cifto Linear

id 14.0076p 32.1686p -18.8189p -26315748.8709p

ibs -7.486e-20 -7.488e-20 3.813e-24 5.824666.928e-23

ibd  -31.9597f-9.416e-20 6.559e-16 14376.954e-19

vgs 99.9999m 1.5000 -304.9841m -3041884550.0000m
vds 2.6950 38.0424n -304.9841m -3000D46.9613n
vbs -146.9613n -146.9613n O. 0. 0.

vth  548.0127m 551.7676m -754.4888m -744682(H47.7465m
vdsat 42.2588m 780.6222m -47.8223m -4782373.1017m
beta 1.0813m 969.9030u 222.2774u 22B95710.2582m
gam eff 466.9524m 466.9524m 406.7153m 40@Fil%48.0154m
gm 413.7615p 27.8973p 523.8515p 72@[F98613.4532p
gds 2.5195p 849.8482u 2.9968p ABPp8832.6087u
gmb  141.2239p 10.3957p 146.0971p 20Bp1811.4849p
cdtot 10.4477f 93.2072f 10.8270f 6G0OA71.7111f
cgtot 28.6226f 95.2831f 17.5353f 17.33263.4718f
cstot 14.2785f 98.2692f 12.2133f 1231373.8695f
cbtot 45.0390f 50.0726f 35.4150f 31Q{8@26.4893f

cgs 2.0774f 47.2824f 1.2902f 129040.4417f

cgd 2.0774f 47.2824f 1.2902f 120040.4407f

Section 4.5 The Small Signal Analysis of the Diffential

Amplifier with Active Loads

Let us redraw the differential amplifier circuit ig. 4.5-1.
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=i
f% =

Fig. 4.5-1 A differential amplifier with active dals for AC analysis

To find its small signal equivalent circuit, westi note that @ is a specially
connected PMOS transistor. Its small signal edantacircuit, as discussed in Section
4.3, is now shown in Fig. 4.5-2.

S i
O
S
. 1
K - ry
. f g,
q I— G
O
D G D

Fig. 4.5-2 A small signal equivalent circuit foPMOS transistor with gate and drain
connected together

The small signal equivalent circuit of the diffetial amplifier with active loads is
shown in Fig. 4.5-3.
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l — Vou!
V. 1 V.
s®B . fg = Fos OmaVsg
oo & Q
- —
Voo—o A B o—cvo T
Vip =V Vg Vin
Vin Vin l
9m17 lo1 o2 92—y
C

Fig. 4.5-3 The small signal equivalent circuit fbe circuit in Fig. 4.5-1

Consider Node A. We have

Yoo Vs 4 Oy, 1V° =0 (4.5-1)
o 2 0 T,

m3

Sincer,, is much larger tha% , we have

m3

Yoo¥% 4 Omy 4g,v'=0 (4.5-2)
Fo1 2

Consider Node B.

V, V,-V \Y

0 0 S — m
—+ = OmaVsgs + gm27
r04 I’02

Sincevg, =-V, ; we have:

V_O + %~ % =- gm4vol+gm2 V7m (4-5‘3)

r04 r02

Consider Node C.

Vo - Vo

VS -V, Vin Vin
e thog Voo g e (45-4)
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To simplify the discussion, we assume th& 6 =9,, =9, =9 =9, and
For = Fop = Fog = s =1y Thus, we have
T +9my 4g.v,=0 (4.5-5)
0
Yo 4, Yo" Vs + ' m — -
ngO gm =0 (45 6)
o ro 2
Too % Y Yo o (4.5-7)
r.0 r.0
(4.5-5)+(4.5-6)+(4.5-7):
ngv0'+ﬁ =
r0
VO
v, B%-
° = 291 (8%
— VO -I-VOI
° 2
1 A
Vo =— (v, - 4.5-9
s 2( 0 zgmro) (4.5-9)
Substituting (4.5-8) and (4.5-9) into (4.5-5), wavé:
Tty Yoy Yo g yrg, Vs (4.5-10)
o 2000 2y 49,1, 29m 0 ; .
1 1 g
V + 4+ __mV 4.5'11
0(49mf2 o, 2r) 5 Vin ( )

\V/ (%)_% V.
49,1 2

m

Since4g,r, >> 1 we have

(4.5-12)
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Gain= 2 :%gmro (4.5-13)

Thus the gain is quite large.

Let us findyv, ! Using Equations (4.5-13) and (4.5-8), we have:

V.'=- == V. =—V. Rl
0. VO 1 ger in 1 in (4 5 14)
20,1, 49,5 4

Note thatv, is very small. The above equation confirms oateshent made
before that the small signal voltage at the dr&ivig can be ignored.

Cascode Current Mirror
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In order to suppress the effect of channel-length modulation, a cascode
current source can be used.

If Vb is chosen such that Vy = Vy, then o closely tracks Irer. This is because
the cascode device “shields ” the bottom transistor from variations in Vp.
Remember, as long as the drain current is constant, the drain voltage will not
change.

While L; must be equal to L,, the length of M3 need not be equal to L; and L.
To ensure Vy = Vx , we must ensure that

Vb - Vesz = Vy Or V- Vgsz =Vx or Vp = Vgsz + Vx

This can be done by adding another diode-connected device My that will have
Vp = Vgso + Vx

Connecting node N to the gate M3, we have

Vgso+ Vx = Vgsz + Vy

(w/L), _ w/L),
(wit),  w/L),

ThUS, if , then Veso = Vess and Vx = Vy
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The concept ofhielding propertyof
cascodesThe high output impedance of a
cascode means that if theutput node
voltageis changed byewv, the resulting
change at thesource of the cascod

much less. In a sense, the cascode
transistor “shileds” the input device from
voltage variations at the output.

The shielding property of cascodes diminishes if the cascode device enters the
triode region.
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Wide Swing Cascode Current Mirror

Because the voltage at the gate of Qs is 2V+2Voy, the minimum voltage
permitted at the output (while Q3 remains saturated) is Vi+2Voy, hence the extra
Vi.

Vps = Vgs =V
Vp—-Vs=Vs—-Vs—-V;
Vp =V — Vi

Vp = (2Vt+2VoV )— Vi
Vp = Vi+2Vov

Also observe that Q; is operating with a drain-to-source voltage Vi+Vov , Which is
V; volts greater than it needs to operate in saturation.

To permit the output voltage at the drain of Q3 to swing as low as 2Voy , we must
lower the voltage at the gate of Q3 from 2V+2Voy to Vi+2Voy .

Vbs = Vgs Vi
VD—Vs:VG—Vs—Vt
VD = VG — Vt

Vp = (Vt+2VoV )— Vi
Vb = 2Vov

However we can no longer connect the gate of Q, to its drain. Rather, it is
connected to the drain of Q4. This establishes a voltage of V+Voy at the drain of
Q4 which is sufficient to operate Qg is saturation .

Vgsa = Vs — Vsa = (Vi+2Vov )— Vov = Vi+Voy
Vesa = Vpss , this makes Q4 always in saturation
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In order to get 2Vop, the drain

current must be 4l;,.

VREF = 2VOD +th
= 2(VGS - th ) +V,

tn

= szS - th
K, W
I REF — ET(VGS - th )2
k, W
I REF — ?T(VREF - th )2
k, W
= ?T(Z\/GS - th - th)2
k, W
Z?T(Z\/GS 2th)z
k, W
= ?T4(VGS - th )2
I REF — 4l in
4] L
V., = - —  OR
® \k /12 W
I 4L
V —_— n 4 -
VK, /12 W
Thus,
LMB = 4|-1

126



Layout Concerns

When we go to layout the long L device, we might simply layout a single
MOSFET with the appropriate length. However, the threshold voltage can
vary significantly with the length of the device.

Solution for this problem is by connecting MOSFETSs in series with the same
widths and their gates tied together behave like a single MOSFET with the
sum of the individual MOSFET’s lenghts.

Because each device is identical. Changes in the threshold voltage shouldn’t
affect the biasing circuit.
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