TWO-PORT PARAMETERS

The two-port current equations are given by:

L=y, Vi+y,V, ---(1)
L=y,Vi+y,V, ---(2)

Its Y-parameter matrix is

v {yn yu}
YZI YZZ

Voltage Gain
A
Vl

The constraint due to load is:
V,=-Z,1, or I, ==Y, V, ---(3)

Substitute (3) to (2)



Y.V, =y, Vi +y,V,
0=y, V,+(yn +Y.)V,

Yo
Ay =—=—""—---4
Y \% Y+ YL

|
A, =—==-2; I, =-1,
L L

Substitute (3) to (1) and (2),

L=y, Vi-ynZ.1,---(5)
L=y, Vi-ynZ.1,---(6)

From (5) solve for V;

L +y,Z.1, )

Yu
Substitute (7) to (6)

I, +y,Z,1
I, = YZI(¢]_YZZZLIZ

V= --(7)

1
yul, =yl +yuyaZ L -y yuZ L, =y, 1, —detYZ, 1,
(v, +detYZ )L, =y, ],

_I_z _ Yo _YaY
detY +y,, Y,

---(8)

= =

I, detYZ, +v,

Input Impedance

7z -
1 Il
Substitute (3) to (2)



IL,==-Y V,=y,Vi+y,V,

YaVi ---(9)
Yo + Y
Substitute (9) to (1)

Vv, =

V - +vy,Y detY +y,,Y
I oy y - YuYaY :(Y11Y22 YinYu + Y Ljvl :( Yu LJV
Yo + Y, Yn + Y, Yo + Y,

A _&:w"_(lo)

"I, detY +y,Y,
Output Impedance
. Ve

12 Vs=0

1
Vi=Zgly =1 === (1)

S

Substitute (11) to (1)

L, :'hh +¥nVY,
S
Y.V
=2l (g
Y+ Ys

Substitute (11) and (12) to (2)

y
I, = _AII +YnV,
s
_ YuYinYsVs +v,V, = “YuYu T YuYn t¥nYs vV, = detY +vy,, Y v,
Yoy, +Ys) Y+ Ys Y+ Y
& _ YutYs

0 - ___(13)
I, detY+y,Y,

Summarizing the network functions in term of Y-parameter.
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Simple Current Sink

Figure 1(a) shows a single NMOS transistor as a simple current sink. It is implemented
by biasing the transistor at saturation. The current equation at saturation region is given
by:

K, (W K, (W
Iy = — ((Vasa = Vi) (1 + AV o) = — (Vasn = V) s Vasa = Vi <V g
2 \ L 2 \ L
The parameter A is the spice parameter LAMBDA, which typically is a small number.
From the Spice parameters file, LAMBDA=.02 (NMOS); .02 (PMOS). The slope of the
transfer characteristic represents the ac output conductance of the simple current sink.

The conductance depends on the parameter A and its value is derived as follows:

o, K, (W )
= =1— — (V.. -V ~ Al
gds aVDS 2 ( L j( GSn Tn) D

The minimum output voltage of the simple current sink occurs when Vps=Vgsn-Vrn=AV.
The characteristic of the simple current sink is shown in Figure 1(b). The ideal current
sink shown in Figure 1(c) has a horizontal transfer characteristic, indicating that the
current is constant for any output voltage Vps. That is, an ideal current sink has infinite
output impedance (or zero output conductance), and the minimum output voltage is zero.
In addition, the output voltage swing both positive and negative. The nmos
implementation actually capture both positive and negative output voltage swing, but
only the positive swing is normally shown. The reason can be explained uisng Figure
1(d) and (e). An nmos device is a symmetrical device the source (S) and drain (D) are
physically indistinguishable. The designation is not known until the output voltage Vpsis
applied. The positive side is always the drain(D) side of the nmos transistor.
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Figure 1. Simple Current Sink.



Cascode Current Sink
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Figure 2. Cascode current sink.

To achieve a more ideal current sink, one needs to increase the output impedance.
This can be achieve by adding a cascode (common gate) stage at the output of the simple
current sink. The cascode is an impedance converter. It magnify the output impedance of
the simple current sink by the gain of the cascode stage. This will be derived shortly. The
cascode current sink is shown in Figure 2. Two reference voltages (Vg; and V) are
required to establish the operating point of the common source and cascode stage
respectively. To determine the ac output impedance, one needs to perturb the input signal
by adding (super-imposing) vg to Vi, this is shown in Figure 2. The small signal
equivalent circuit shown in Figure 3 is used to determine the output impedance of the
cascode current sink. Figure 3(a) is transformed to Figure 3(b) using the following ac
voltage signal equivalent derived from Figure 2:

A two-port analysis method will be used to achieve this. The current equation of network
is obtained as follows:



I} =0
=g,V +g4,V,

The corresponding Y-parameter matrix is :

{ }
=

detY® =0

The current equation of network b is:

I}) =(8m T 82 T 8us2 )V1b - gds2V2b
Ilz) = (o T S22 )Vlb + gdsZVZb

The corresponding Y-parameter matrix is:

Yb :|: (ng +gmb2 +gds2) -gd52:|
—(8m +8m2 T 8a02)  Luw
detY® =0

To calculate the output impedance, one needs to first calculate the output impedance of
network a. That is,

L +YS 1 1 )
7 = ylal S = =—;since Yg =coorZi =0
detY" +y5,Ys ¥y 8

The output impedance is computed as follows:

b b
+Y. + + + .
b_ Yut X _ (8mz * 8tz T 8a) + 8ast s since YO =Y =g,

° * detY’ + yng;) L4528 ds1

= Ty Tg1 (a2 + 8z T 8u2) F Tur = T[Tt (Cmz 8oz + 8a2) + 1] ® (80T M

That is, the output impedance is equal to the output impedance of the simple current sink
magnified by the gain of the common gate stage.
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Figure 3. Cascode current sink small signal equivalent circuit.



Single Voltage Reference
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Figure 4. Single voltage reference circuit.

The voltage reference is achieved by passing a current through a resistor,
implemented by a diode connected transistor, shown in Figure 4 (a). There are two ways
of implementing the current source. In Figure 4(b), a current source is implemented by a
pmos transistor with a constant gate to source voltage. The gate is connected to the
constant voltage reference, Vg, and the source is connected to the constant positive
power supply Vpp. The pmos and nmos are connected in series in Figure 4(b). That is,



I =1

P n
%[sz(VDD 'VRl _‘VTp ‘) = 2 (fjl(vm _VTn)
A ,
TP(VDD 'VR1 _‘VTp‘)z = ﬂz (VRI _VTn)2
Solving for Vg,
B,
VTn + (VDD _‘VTp ‘)
B,
Vi = B
I+ [=—*+
B,

The design parameter is given by:

2
& _ Vb - Vi _‘VTp‘
ﬂp VRI - VTn

This determine the transconductance ratio for a given reference voltage. The power
dissipation of this circuit is:

an

P=1,Vy, = [T(VRI _VTn)z:IVDD

In Figure 4( ¢ ), the current source is implemented by resitor R with constant voltage
applied across it. That is,

VDD 'VRl — ﬂn
R 2

I= (VRI - VTn )2

The reference voltage is given by:

Vi = 2 + Vo,

ﬂl’l

Figure 5 shows the circuit combining the single voltage reference and simple current
sink. PSpice simulation will be shown in the last section.
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Figure 5. Single voltage reference circuit and current sink.
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Multiple-Voltage Reference Circuit
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Figure 6. Dual voltage reference circuit.

Multiple-voltage reference is achieved by cascading a number of resistors equal to
the number desired of voltage references. The resistor is implemented by diode connected
nmos transistor. The dual -voltage reference is shown in Figure 6(a). The current source
is implemented by resistor R in Figure 6(b) with constant voltage applied across it. The
resistor and the two nmos transistors are connected in series, hence the currents in the
elements are equal. That is,

V..-V ﬂn ﬁn
I= % = TZ(VM -V - VTnz)2 = 21 (Vi = Vi )2
Solving for Vi,
21
Vi = J— + Vo,
ﬂnl
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Solving for VRQ'VR] .

/ 21
Vis -Vii= ,B_ + Vi
n2

Substituting Vi, and solving for Vga

VRZ = W/A ‘H/g +VTn1 +VTn2
ﬂnZ ﬂnl
Where:

Vi = Vign + 7(\/¢_VBS _\/E)

The corresponding nmos SPICE parameters are:

Vie= VIO =1.0V
y=GAMMA =1.0V"?
¢=PHI =0.6V
A=LAMBDA =0.02 1/V

Vi = Vi =1 Vg, =0

Vi = Viow + 7(J# = Vigs —=4/#) =1.04+1.0(/0.6 + Vi, =+/0.6) =1.0-~/0.6 + /0.6 + Vs Vi = =V,

Note the bulk to source bias increases the threshold voltage. That is, Vn2>Vy.

Biasing Cascode Current Sink

The principle used in biasing MOS transistor. The minimum Vps for which the
device remain in saturation is:

VDSmin = VGS - VT =AV

I, = E(EJ(AV)z

2L

If transistors M1 and M2 are in series or have the same current then:

Iy =1p,

K, (W » K, (W 2
—| — | AV, ) =—=| — | (AV
) v -5 (v
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If M1 and M2 are of the same type either both are nmos or pmos. Then the expression
reduces to:

[%jl(wl - @l(m y

If AV, = nAV,

W 5 \Y 2
| (0AV,) =| = | (AV
(Ll(“ ) (Ll( )
then

()

That is, (W/L) can be used to control the values of AV. If the transistors are in parallel
or AV =AV, then:

AV, = AV,
21, B 21,
K, (W), VK, (W),
IDI _ ID2

K, (WL), K, (W/L),

If transistor M1 and M2 are of the same type (K;=K3), the expression reduces to:

\Y% \%Y
I,|—| =1,,| —

Applying the above biasing principle to the cascode current sink shown in Figure 7. All
the transistors are assumed to be operating in saturation, have the same (W/L) and all are
of the nmos type. Since all transistor have the same (W/L) and are of the same type
means (AV);=AV. That is, the gate to source Vs of each transistor must be Vr+AV to be
in saturation. This is shown in Figure 7(a). M3 and M4 operate as voltage divider, each
transistor is diode connected. The voltage at the gate of M4 ,Vg4 is the sum of Vs (or
Vps) of transistor M3 and M4. That is,

Vas = Vo, = (Vp +AV) +(Vy +AV) = 2V, +2AV

The minimum output voltage is determined as follows:

14



Vi (min) = Vi, (min) + Vi, (min)

Vs, (min) =V, - Vi, =2V, +2AV-(V, +AV)] =V, + AV
Ve, (min) = AV

V. (min) = V. +2AV

The transfer characteristic is illustrated in Figure 7(b). The value of V7 is typically about
1 V, while AV is typically about 0.2 to 0.3 V, the sum is about 1.4 to 1.6. This value will
significantly limit the dynamic range of the output voltage, specially in low voltage
application.

15
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Figure 7. Cascode current sink bias requirement.

16



Simple Current Mirror
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Figure 8. Simple current mirror and its small signal equivalent circuit.

The purpose of current mirror is to generate another current sources or sinks from
a stabilized current source or sink. Figure 8 shows how to create a current sink from a
known current source I. The diode connected transistor M2 is connected to the current
source. The gate and source of both transistor are connected to each other; hence,
Vssi=Vgs2=Vgs. The current ratio is given by:
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I _ K(W/L)I(VGS ‘VT)2

L

I, K(W/L),(Vg-Vy)
I, (W),
I, (W/L),
(WL, _
= Wi L1, =1,(W/L), =(W/L)

[, =1; (WL), =(W/L)
I, =nl; (W/L), =n(W/L)

Figure 9 (a) shows current mirrors generating current sinks of different values from a
single current source.

Figure 9 (b) shows current mirrors generating current sources of different values from a
single current sink. These generated current sinks or sources are usually used as load of
the various circuits. It is of interest to know what is the impedance of the mirrored source
or sink. Figure 8(b) shows the small signal equivalent circuit. The output impedance is
computed using the two-port analysis. The current equations are computed:

I =g,V
L=g.Vi+84V,

The corresponding Y-parameter matrix is:
Y — |:gm2 O j|
Em 8uasl
detY = nggdsl
The output impedance is calculated as follows:

Z =t = Y+ Y _ 1
detY +y,Ys g4

=71, ;since Y =oorZ, =0

That is, the mirrored current sink impedance is rq4s; only.
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Figure 9. Using simple current mirror to generate multiple current sinks
and current sources.
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Cascode Current Mirror
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Figure 10. Cascode current mirror.



Although the current source is ideal with co impedance, the mirrored impedance
is 145 only. Since the mirrored current sink or source are used as load of gain stages, it is
desired that the impedance be as high as possible. Figure 10 shows the corresponding
cascode current mirror by adding cascode (common gate) stage at the diode connected
stage and the mirror stage. As in the earlier analysis, the output impedance is magnified
by the gain of the cascode stage. That is,

Zo = I‘o = (gmlrdSZ )rdsl

Transistor M3 and M4 is the two-transistor version of diode connected transistor. In the
cascode current mirror, the voltage at gate of M2 or M4 must be biased properly to
produce minimum output voltage. Figure 11 shows the biasing requirement to achieved a
wide-swing cascode current mirror. That is, to achieve minimum output voltage,
Vpsi(min)=A V. This can be achieved, if the gate voltage of M2 is Vi+(n+1)AV. This
voltage is also the gate to source voltage of transistor M5. It is generated by controlling
the (W/L) of M5, (W/L)s=(W/L)/(n+1)*, see Figure 11(a). To guarantee that the
transistor M4 is in saturation, one must guarantee that Vpgss>n AV since
(W/L)4=(W/L)/n2. The diode connection with M3 also put another constraint on Vpga.
That is,

vDs4 = VG3 - VDSS = (VT +AV)-(AV) = VT
Vpss =V > n(AV)

That is, one must guarantee that Vr>n AV for M4 to be in saturation. For V=1V and
AV=.2, then n <5 to guarantee that M4 will operate in saturation. In the special of n=1,
the minimum output voltage is 2 AV.

In the above analysis, the effect of the bulk to source voltage on the threshold
voltage of M2 and M4 were ignored. The threshold voltage of both M2 and M4 are
significantly higher than that of M1 and M3. In the PSpice simulation, it will be shown
that the bulk to source voltage can not be ignored.
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Figure 11. Generalized wide-swing cascode current mirror.
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Experiments on Current Sink/Source and Voltage Reference

Simple Current Sink

A current sink or source can be obtained by operating the MOS transistor in the
saturation mode with fixed gate to source bias, Vgs. Current sink is implemented using
NMOS transistor as shown in Figure 5.

A design of 200 uA current sink will be illustrated in the following. To prevent going to
weak inversion region, Vgs - V1 >0.2 V. For V1 = 1, this can be satisfied by selecting
VGS =1.3.

Ip = (By / 2)(Vgs = Vip)*

where:
Py =Ky(W/L)
Solve for W/L,
w 21, 21,

L KN (VGS - VT )2 KN (VG - Vss - VT )2
Substituting the given design parameters,

W _ 2(200E - 6) 1111

L  (40E-6)(1.3-0-1)* '
Let L=1.2u (the minimum feature length), its effective length is Leff = L -2LD=1.2u-
2(0.5u)=0.2u. The W is calculated from W=111.1*Leff = 111.1*(0.2u) = 22.22u, rounded

to say 21.6u (or 36 1).

In the design of 200uA current sink, to establish the gate to source voltage of Vs
= 1.3 requires a gate voltage of Vi =1.3 to be generated from the available supply
voltages. Figure 5 shows a voltage divider circuit, it consists of two diode connected
transistors, acting as two resistors connected in series. Each transistor is design to
operates in the saturation mode. Its current equation must satisfy:

where:
I, = (;BP /2)(‘VGSP|_‘VTPD2 , and ﬂp =K, (WP /LP)

Iy =By /2)(Vosn = Vix )2 ;and By =K (Wy /Ly)
Equating and solving for W/L ratio:

WN / LN — I<P (|VGSP | _| VTP |)2

WP / LP KN (VGSN o VTN )2
When laying out the voltage divider, the lengths of both transistors are usually made
equal , Lp=Lx. Thus the equation simplify to width ratio.

WN — KP(‘VGSP’_|VTPD2 _ KP(’VG _VDD‘_‘VTPDZ

WP KN (VGSN - VTN )2 KN (VG - Vss - VTN )2

Substituting for the given parameters:
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Wy _ (ISE-6)(11.3-0]-|-1])°

=30.375
W, (40E-6)(1.3-0-1)°

The minimum gate length (L) is 2A, while the minimum gate width (W) is 6A The
computed W/L ratio of the voltage divider is rounded to 30. Let Wp=06A,
Wx=30*Wp=180A. Some fine tuning was found necessary to achieved the desired voltage
of 1.3v, the resulting Wny=168A=100.8u. The output resistance is computed as follows:

1 1

= =0.25M or2.5x10°
(.02)(200E —6)

I :rds—/ﬂ

o

DQ

This is within 3% of the value obtained from PSpice simulation, 2.572x10°.

*Pspice file for 200uA Current Source
* Filename="c200fg4.cir”

VDD 3 0 DC 5VOLT
VSS40DCOVOLT

VO 24DC1.5VOLT
MI12144MN W=21.6U L=1.2U
M21144MN W=100.8U L=3.6U
M31133MP W=3.6UL=3.6U

MODEL MN NMOS VTO=1.0 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
MODEL MP PMOS VTO=-1.0 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.DC VO 05.0 0.05

TF V(2) VO

PROBE

END
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Cascode Current Sink

The biasing formula derive earlier assume that the effect of the bulk to source
voltage can be ignored. This is the not case in the cascode current sink, the threshold
voltage of M2 and M4 are significantly higher than M1 and M3. From Figure 7, the
source of M2 is connected at a potential of V5p+AV=1+0.3=1.3, and the bulk at Vs=0.
That is, Vgs=-1.3. The threshold voltage is calculated as follows:

Vi = Vig + 7= Vis —/#) =1+1(,/0.6 = (-1.3) =~/0.6) = 1.6

The gate voltage of M2 need to be modified from:

Vg, =2V, +2AV
to:
Vg, =V, + Vo +2AV =1.6+1+2(0.3)=3.2




The calculated value is within .09% of the actual value obtained from PSpice simulation,
which is the voltage at node 5 of 3.203V. The minimum output voltage of M1 is given
by:

Voo (min) =V, + AV =V,  +AV =1+03=13

This voltage correspond to node 6 in the PSpice simulation of 1.2989V, which is within
0.08% of the calculated value. The minimum output voltage is given by:

Vv, (min) =V, +2AV =V, +2AV =1+2(0.3) =1.6

The PSpice transfer characteristic shows that the output current stabilized at 200uA when
the output voltage is about 1.6V

The output impedance can be calculated as follows:

g, = \/ZK(W/L)IDQ = \/2(40E -6)(21.6/(1.2-1))(200E-6) =1.3 145x107 mho
y 1

gm - gm =
v 2 ¢_VBS ? 2 06—(—13)
a0 = 84 = 84 = Alpg =(.02)(200E -6) =4E -6

or

(1.3145E -3) = 0.4768x10” mho

Ty =Ty =Ty = 1 0.25E+6

ds
Ty = Ty T4 (8o + S + 8u2) T1]
= (25E +6)[(.25E + 6)(1.3145E -3+ .4768E -3+ 4E - 6) + 1] =1.122x10"

The PSpice simulation output impedance is 1.195x10° which is 6% of the calculated
value. If one substitutes the Pspice output impedance of the simple current sink
ro=r4=.2572x10°, the calculated results is 1.185x10%. This value is now within 0.83% of
the PSpice result.

* Pspice file for 200uA Current Source
* Fi |l enane="c200fg7.cir"
VDD 3 0 DC 5VOLT
VSS 4 0 DC OVOLT
DC 2.5VOLT
DC 200UA
4 W W-21.6U L=1.2U
4 W W-21.6U L=1.2U
4 W W-21.6U L=1.2U
4 W W-21.6U L=1.2U

<
@)
N

4
35

1
5
1
5

Fooe

4
6
4
1
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. MODEL MN NMCS VTO=1. 0 KP=40U

+ GAMVA=1. 0 LAMBDA=0. 02 PHI =0.6

+ TOX=0. 05U LD=0. 5U CI=5E-4 CISWF10E-10
+ U0=550 MJ=0.5 MISWFO. 5 CGSO=0. 4E-9 CGDO=0. 4E-9

. MCDEL MP PMOS VTO=-1.0

+ GAMVA=0. 6 LAMBDA=0.02 PHI =0.6

KP=15U

+ TOX=0. 05U LD=0. 55U CI=5E-4 CISWF10E-10
+ U0=200 MJ=0.5 MISWFO. 5 CGSO=0. 4E-9 CGDO=0. 4E-9

.DC VO 0 5.0 0.05
.TE V(2) VO

. PROBE

. END

NODE VOLTAGE:

( 1) 1.3004 ( 2) 25000 ( 3) 5.0000 ( 4) 0.0000

(5) 32030 ( 6) 1.2989

*akx SMALL-SIGNAL CHARACTERISTICS

V(2)/VO = 1.000E+00

OUTPUT RESISTANCE AT VO = 1.195E+08

ZBBUHJI ............... .,.-'—
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I
I
I
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o ID{M2})

8.08084, 8.080
1.6071, 2800.144u

1
1
1
1
1
1
1
1
1
1
1
1
1
1
| |
1.66871, 200.144u e i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Wide-Swing Cascode Current Mirror

The analysis in Figure 11 assumed that the effect of the bulk to source is
negligible. That is, all the transistor have the same voltage of Vro. The threshold voltage
of M2/M4 will be calculated, based on the knowledge that the source of M2 is at a
potential of AV, when M1 is at saturation, and the bulk is at Vgs=0.That is, Vgs,=Vpss=-
AV=0.3. The threshold is given by:

Vi, =V +7({ @ — Vi —\/E) =1+1(,/0.6—(-0.3) —4/0.6) =1.174

Vg, =V, +2AV =1.174+2(0.6) =1.774

The calculated threshold voltage is 17% more than Vro. Its effect can not be ignored. In
fact transistor M5 can no longer be used to generate the required voltage of Vg,, because
the threshold voltage of M5 is Vro. Its gate to source voltage can only generate
V1o+2AV=1.6, which is less than 1.774. That is, the required W/L of M5 to generate

1.774 is computed using the simple voltage reference formula with constant bias current
[5=200uA.

21 21

VRI =4l +VTO = +VTO
p K(W/L)

WIL 21

_ __2Q00E-6) . o
K(Vg, - Vio)?  (40E-6)(1.774-1)>

Selecting L=1.2u , results in W=16.69(1.2-1)=3.338u. This is less than the minimum
width of 6A=6(0.6)=3.6u. Let L=2.4u, then W=16.69(2.4-1)=23.37u. That is, the ratio
(W/L)1/(W/L)s= (21.6/(1.2-1))/16.69=6.47 rather than 4 (for n=1) as shown in the
analysis in Figure 11. The realized voltage using M5 at node 5 is 1.7607 rather 1.774.
The wide-swing cascode current mirror is simulated using voltage source to supply the
required gate voltage of 1.774 and using M5 to generate it with (W/L)/6.47 rather than
(W/L)/4 used in the ideal analysis. The transfer characteristic is practically the same for
both simulations.

* Pspice file for 200uA Current Source
* Fil enane="c200fgll.cir"

6 MN W-21.6U L=1.2U
4 MN W21.6U L=1.2U
4 MN W21.6U L=1.2U
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. MCDEL MN NMOS VTO=1. 0 KP=40U
+ GAMVA=1. 0 LAMBDA=0.02 PHI =0.6
+ TOX=0. 05U LD=0. 55U CI=5E-4 CISWF10E-10

+ U0=550 MJ=0.5 MISWFO. 5 CGSO=0. 4E-9 CGDO=0. 4E-9
. MCDEL MP PMOS VTO=-1.0 KP=15U
+ GAMVA=0. 6 LAMBDA=0.02 PHI =0. 6
+ TOX=0. 05U LD=0. 55U CI=5E-4 CISWF10E-10

+ U0=200 MJ=0.5 MISWFO. 5 CGSO=0. 4E-9 CGDO=0. 4E-9
.DC VO 0 5.0 0.05

.TE V(2) VO
. PROBE
. END

Node 5 is generated using a voltage source.

NODE VOLTAGE:

( 1) 13034 ( 2)

( 5) 1.7740 ( 6)

4722 (7)) 2991

1.5000 ( 3) 5.0000 ( 4) 0.0000

*xkx SMALL-SIGNAL CHARACTERISTICS

OUTPUT RESISTANCE AT VO = 8.554E+07

o ID{M2})

A1 = 687 .143n,
A2 = 8.08048,

dif= 6087.143m,

8.088
288.592u
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I
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Node 5 is generated by transistor MS.

NODE VOLTAGE:
( 1) 13037 ( 2) 1.5000 ( 3) 5.0000 ( 4) 0.0000

( 5) 17607 ( 6) .4587 ( 7) .2904
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