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Exercise: What are the new W/L ratios for the transistors in Ex. 6.7 if Vro, = —1.5 V?
ANSWERS: (W/L)s=1.17/1; (W/L), =1/1.72

6.6.4 STATIC DESIGN OF THE PSEUDO NMOS INVERTER

It is also possible to replace the load resistor with a PMOS transistor with its source connected to
Vbp, its drain is connected to the output node, and its gate connected to ground, as in Fig. 6.24.
This circuit has become known as pseudo NMOS since circuit operation is very similar to that of
NMOS logic even though it is usually found embedded in CMOS designs that we will study in detail
in Chapter 7.

In order to design the circuit, we use the same circuit conditions that were used for the case of
the resistive load. (Ipp = 80 wA, Vpp = 2.5 Vand V, = 0.20 V). First we choose the W/L ratio
of the PMOS load device to limit the operating current in the inverter. Then we calculate the size of
M required to achieve the specified value of V.. (Note that neither transistor suffers from any body
effect since the bulk terminals of both transistors are connected to their respective sources. This is
an important advantage of the PMOS load transistor in comparison to NMOS load devices.)

Calculation of (W/L)p and (W/L)g
For the PMOS device in Fig. 6.24, we see that Vg = —Vpp, and the transistor will be in the
conducting state. Since Vps = 0.2 — 2.5 = =23 Vand Vg5 — Vrp = =2.5 — (=0.6) = —1.9V,
the transistor will be saturated (|Vps| > |Vgs — Vrp|—see Section 4.2). We need to find the value
of W/L that sets the PMOS drain current to 80 pA:
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Calculation of Vy and (W/L)g
In order to calculate (W /L), we need to determine the high output level Vy, since this is the voltage
that is used to drive switching transistor Mg to achieve vo = V.. As shown in Fig. 6.24(b), the
PMOS load transistor has a fixed value of Vg5 = —2.5 V. Thus it will always be in the conducting
state. With M off, current will flow through the PMOS device to charge the output node until the
drain-source voltage Vs of the transistor collapses to zero. Thus, Vi = Vpp, just as for the inverter
with the resistor load.

Now, the conditions for switching transistor Mg with vp = V, in Fig. 6.24(a) are Vg5 = Vy =
2.5 Vand Vps = V, = 0.20 V with i, = 80 wA. These are identical to those of the switching
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Figure 6.24 Pseudo NMOS Inverter with (a) v; = Vy and (b) v; = V.
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Figure 6.25 Completed pseudo
NMOS inverter design.

Figure 6.26 Pseudo NMOS
inverter used in Ex. 6.8.

transistor in the resistor load inverter in Section 6.5.2. Thus, (W/L)s = 2.22/1. The completed
pseudo NMOS inverter design appears in Fig. 6.25.

Exercise: Verify the value of (W/L)s by calculating the drain current of Ms.

LOGIC LEVEL ANALYSIS FOR THE PSEUDO NMOS INVERTER

Finding the logic levels associated with someone else’s inverter design involves a different thought
process than that required to design the inverter. Here we find Vy and V,, for a specified inverter
design.

Find the high and low logic levels and the power supply current for the pseudo NMOS inverter
in Fig. 6.26 with (W/L)s = 10/1 and (W/L), = 2/1. The inverter operates with Vpp = 2.5 V.
Assume K, = 100 pA/V?, Vry = 0.60 V, K| = 40 pA/V?, Vrp = —0.60 V.

Known Information and Given Data: Circuit topology in Fig. 6.26; Vpp = 2.5V, (W/L)y =
10/1, (W/L)p = 2/1, K;, = 100 pA/V?, Vry = 0.60 V, K, = 40 pA/V?, and Vrp = —0.60 V.

Unknowns: Vy, V., Ipp for both logic states

Approach: First determine V. Use Vy and the specified transistor parameters to find V, by
equating the drain currents in the switching and load transistors. Use V. to find power supply
current / which is equal to switching transistor drain current /pg.

Assumptions: Mj is off for v; = V.. For vy = V,, Mg operates in the triode region, and M is
in the saturation region.

Analysis: First we find Vj, and then we use it to find V. For the pseudo NMOS logic gate,
Vu = Vpp. Thus, for our circuit, Vy = 2.5 V. To find V,, we use the condition that the two
transistor drain currents must be equal in the steady state: /ps = Ip.. For vp = V., we expect
that the load transistor will be saturated since the magnitude of its drain-source voltage is large
(Vps = Vi — Vpp), and we expect the switching transistor to be in the triode region since its
drain-source voltage will be small. (Vps = V). For Ips = Ip,, we have

/10 v K, /2
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For the circuit in Fig. 6.24, Vgsy = 2.5 V and Vgsp = —2.5V, and
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which can be rearranged to yield a quadratic equation:
12.5V} —47.5V, +3.61 =0 for which VL =0.0776 V, 372V

Vi = 3.72 V exceeds the 2.5-V power supply, so that answer must be discarded. Hence the answer
must be V, = 0.0776 V. For this value of V;, the current in My is

A\ /10 0.0776
B (100%) <T> <2.5 — 06— —2—> (0.0776)V? = 144 pA

Check of Results: For V;, we should check our triode and saturation region assumptions for
the two MOSFETs: For the switching transistor, Vgs — Vry = 2.5 — 0.6 = 1.90 V which is
greater than Vpg = 0.078 V, and the triode region assumption is correct. For the load device,
Vs — Ven = —=2.5 = (=0.6) = —1.9V, and V5 = 0.078 — 2.5 = —2.42, which are consistent
with the saturation region of operation. We can further check our results by finding the drain current
in MLZ
Ipy, = (4—20“*/—’?) (%) (=2.5+40.6)* = 144 pA  which agrees with ;.

Computer-Aided Analysis: To verify our design with SPICE, we draw the circuit with a schematic
capture tool. Two inverters are cascaded in order to get both Vi and V, with one simulation. The
gate of MS1 is grounded to force MS1 to be off. The NMOS transistor uses the LEVEL = 1 model
with KP = 10E-5, VTO = 0.60 V, GAMMA = 0.5 and PHI = 0.6 V, and the PMOS parameters
are KP = 4E-5, VTO = —0.60 V, GAMMA = 0.5 and PHI = 0.6 V. The transistor sizes are
specifiedas W = 10 Uand L = 1 U for Mg, and W = 2 U and L = 1 U for M,. SPICE gives
Vu = 2.50 Vand V, = 0.0776 V. The current in Vpp is 144 pA. All the values agree with the
hand calculations.
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ExErcISE: Use the “Solver” in your calculator to check the value of V, found in Section 6.7.2.
ExErciSE: Repeat the calculations with (W/L)s = 5/1. Check your results with SPICE.
ANSWERS: 2.50V, 0.159V, 144 pA.

Noise Margin Analysis for the Pseudo NMOS Inverter

Let us now find the noise margins for the pseudo NMOS inverter. We need to calculate the values

of Vi, Vor, Viu, and Vpy and remember these voltages are defined by the points on the voltage

transfer characteristic at which the slope dvy /dv; = —1, as indicated on the graph in Fig. 6.27.
First let us find V;, and Vpy. We need to find a relationship between v; and v, that we can

differentiate. Remember that the drain currents in the switching and load devices must be equal at

all points on the static VTC. Also, at v; = V;, the input will be at a relatively low voltage, and the
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output will be a relatively high voltage. Thus, we guess that Mg will be operating in the saturation
region and that M will operate in the triode region. Setting ips = ip,, yields

%(UI -V =K, (_VDD = Vrp — BO—_Z&E> (vo — Vbp)
with
(6.29)
Ks =K/ <K> and K, =K (K>
PNL S e\ L)y
The point of interest is E;Lv([) = —1, but solving for the value of vy would be quite tedious. Since we

-1
ot : : v v
expect the derivatives to be smooth, continuous, and nonzero, we will assume that 6_0 = (5_I>
vy Vo

and solve for v; in terms of vy

1 K
v =Vry + J_K—R\/[z(VDD + Vrp) = (Vpp —v0)1(Vop —vo) where Kp = }f
Evaluating the derivative is still quite tedious, so only the results are given here:°
V V; K
ViL=Vry + (D—D;——El and Voy = Vpp— (Vop+ Vrp) [ 1= E (6.30)
VvV Ki + Kg Kg+1

For the inverter design of Fig. 6.26 with Vpp = 2.5V, Vrp = —0.6 V and Kz = (2.22)(100)/
(1.11)(40) = 5, we find

2.5-0. 5
Vie=06+22209 _ 005V and Vou =255 @5~ 08) [ 1=4f oo | =233V
V)2 +5 S+1

These values appear reasonable. The input must exceed the threshold voltage of the NMOS transistor
before it begins to conduct, so V;, should be somewhat larger than V7, and the value of V5 should
be somewhat below V), as in Fig. 6.27.

With these values we can check our assumptions of the operating regions of Mg and M, . For
the NMOS switching transistor, Vgs — Vzy = 095 — 0.6 = 0.35 V and Vps = 2.33 V. Since
Vps > Vgs — Vry, the saturation region assumption was correct. For the PMOS load device,
Vs — Vrp = =2.5 — (—0.6) = —1.9 V and Vj5 = 2.33 — 2.5 = —0.17 V. Since the magnitude
of Vpg is less than that of Vs — Vrp, the triode region assumption was correct.

A similar process is used to find V;y and V. We again observe that the drain currents in the
switching and load devices must be equal. At v; = V,y, the input will be at a relatively high voltage,
and the output will be at a relatively low voltage. Thus, we guess that Mg will operate in the triode
region and M, will be in the saturation region. Equating drain currents in the switching and load
transistors yields

Vo K 2
Ks(vi—Vry — 5 Vo= 7(_VDD - Vrp) (6.31)
) av, \ !
We again assume that sl = (—l—)l—> and solve for v; in terms of vy :
vy dvg
vo  (Vpp+ Vrp)* [ 1 Ky
=V —_—t — — h Kr=— 6.32
V) TN + ) + 2Kx <v0> where  Ax % (6.32)

6 The details of the derivation can be found on the MCD website.
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Psuedo NMOS Inverter Noise Margins
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Figure 6.27 PSPICE simulation of the voltage Figure 6.28 Noise margins versus transconductance ratio K  for the pseudo
transfer function for the pseudo NMOS inverter. NMOS inverter with Vpp =2.5V, Vpy = 0.6 Vand Vyp = —0.6 V.

Taking the derivative
o 1 1 (Vpp + Vrp)?

st i R S 6.33
o 2 2Kg v} )
and setting it equal to —1 at vp = V. yields
1 1 1 (Vpp + Vrp)? Voo + Vewne
-l == - A R or VOL = ——
2 2Ki VL 3Ky
Substituting this result in Eq. (6.32) with v; = V,y gives
2(Vpp + V.
Vig = Ve + 2002 VIR) _ 2V (6.34)

3Kr
For the inverter design of Fig. 6.26,
V _ VDD + Vrp _ (25 = 06) \"
e ARy « e
With these values we should again check our assumptions of the operating regions of Mg and M.
For the NMOS switching transistor, Vgs — Vry = 1.58 — 0.6 = 0.98 V and V5 = 0.491 V. Since
Vps < Vigs— Vru, the triode region assumption was correct. For the PMOS load device, Vgs— Vrp =
—2.5—-(—0.6) = —1.9 Vand Vps = 0.491 — 2.5 = —2.01 V. Since the magniude of Vps exceeds
that of Vg5 — Vrp, the saturation region assumption was correct. In Fig. 6.27, it can be seen that
these calculated values of V;., Vo, Viy and Vyy all agree well with SPICE simulation results.
The noise margins for this pseudo NMOS inverter are

NMy = Vouy — Vig =233 -1.58=0.75V
NM, =V — Vo, =095-049 =046V

=0491V and V;y =0.6+2(0.49) =158V (6.35)

With Egs. (6.30)-(6.35), we can easily explore the dependence of the noise margins on transcon-
ductance ratio K, and the results are plotted in Fig. 6.28. High-state noise margin NMy increases
monotonically as the drive capacity of switching transistor Mg, and hence K, increases, whereas
NM, gradually decreases.

6.7 NMOS INVERTER SUMMARY AND COMPARISON

Figure 6.29 and Table 6.6 summarize the NMOS inverter designs discussed in Secs. 6.5 and 6.6. The
gate with the resistive load takes up too much area to be implemented in IC form. The saturated load
configuration is the simplest circuit, using only NMOS transistors. However, it has a disadvantage



