


the minimum output voltage, Vo min = 0.3 V, the resistor pushes 300 pA into the output node,
while at the maximum output voltage, Vouma = 0.9V, the resistor pulls 300 pA out of the output
node. So the minimum current that the PMOSFET should source and NMOSFET should sink
was 300 pA. However, using only this amount of current meant that at Vo, mi» = 0.3 V, while the
NMOS was sinking all the current from the resistor, the PMOS would have to be turned off to
generate no current, which gives a gain of zero. Using a current of 1 mA fixed this problem, but
at the cost of great power consumption and worse FOM.

This problem lead me to design a way to modulate the current being sunk by the NMOS
according to the gate voltage of the PMOS. As the gate voltage of the PMOS goes up, the output
voltage goes down, and at Fouimn = 0.3 V, the NMOS must sink more than 300 pA so that 1t
sinks all the current from the resistor plus some current from the PMOS such that the PMOS 1s
still in saturation (keeping the gain high). To make the NMOS sink more current I would need to
increase its gate voltage. Thus I reasoned that the gate voltage of the NMOS should follow the
gate voltage of the PMOS, which can be implemented using a simple source follower. So I L~
connected an NMOS source follower from the input of the CS amp to the gate of the NMOS
current sink. This had an added bonus of increasing my gain overall, since it effectively changed
the PMOS CS amp to an'inverter (in terms of small-signal analysis), which has a gain of [-(gm,, +
gm,) * Row], which is double the gain of the PMOS C-S amp alone, {-gm, * R, assuming gm,
and gm, are comparable.

Using this configuration, I had met spec and improved my FOM considerably. However,
[ wanted to see if I could get the FOM even lower, since 1 was still using a large current (300
uA) at the output stage to get a high enough gain. To lower the current needed at the output
stage 1 added another NMOS diff pair before the Miller Op Amp. The gain of this stage was not
very high since I used diode-connected PMOS transistors for the current source loads, so R,
was limited by their small-signal resistance, I/gm,, giving a gain of Az,= gm,/gm,. 1 was able to
get Agn— 4 by reducing Vpsar of the NMOS’s (since gm = 2*ps/ Vpsar, gm, goes up) and
reducing the current through the PMOS loads (so gm, goes down). I accomplished the latter by
adding constant current sources in parallel to the loads. Another thing I had tried was to use a
bias voltage for the gates of the PMOS to increase R, to ro, |’ ro,; however, I was not able to
meet the spec for Ve + 0.25V. Due to time constraints, T decided not to pursue this further, and
was able to meet the gain spec with the diode-connected PMOS loads.

FOM MINIMIZATION STRATEGY

In order to minimize the area and power used by my op amp while still meeting the
specifications, I decided initially to use the minimum transistor lengths for all my transistors and
use the least amount of current necessary. Thus I chose a current of 5 pA for most of my
transistors, the exceptions being the output stage, which requires more current as discussed
above, the tail currents (10 pA), and the PMOS loads of my 1™ diff pair (2.5 pA). 1thought these
currents would be high enough to stay out of subthreshold region and avoid unnecessary
complexity. Using a small current also had the effect of increasing the gain of the diff pair,

since gm oc (JI1,, , roc 1, andso A, o« gm*rox I,"*. (One problem with using low

currents is that the speed of the circuit goes down, but we did not have to worry about that for
this project.) For the transistor lengths I chose L,;, = 0.13 um. When I had used just the Miller
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Op Amp by itself, to get more gain I needed to increase the length of the transistors in the diff
pair t0 twice Ly, 0.26 um, which increased ro and hence the gain, Aay, = [gm. * (ro. || rop)].
Increasing the ro of the tail current source also improved (lowered) my 4., since 4, <1/ R.

However, when I added my other stages I no longer needed this gain so T used Ly, for all
transistors to save area.

I chose the node voltages of my op amp ahead of time to make things easier, such that
each transistor could vary its Vpg by an equal amount, so that each node would have the same
swing. For the diff. pairs, since there are 3 transistors from ¥pnp to Vs, I chose |Vpgltobe 0.4 V.
For the CS amp and source follower, since there are 2 transistors from Vpp to Fgg, I chose Vpsto
be 0.6 V.

In choosing suitable Fpgar values, I reasoned that they had to be low enough to give me a
high enough voltage swing for the input and output nodes, but big enough to supply enough

current for each of my stages, since I, « ¥, .~ . For a fixed current, using a large Vpsur

allowed me to use smaller (W/L) ratios, which improves my FOM; however, this also lowers the
voltage swing. Another factor that I considered was the effect of the Vps,r on the gain; since gm
= 2*Ips/ Visar, for a fixed current, decreasing Vpgar increases gm and thus increases the gain.
However, the minimum Vpg4y is again limited by the subthreshold region; at about 20 mV and
below the transistor enters weak inversion. With these factors in mind, I initially chose 0.1 V for
all my transistors. However, to further increase the gain of my diff. pairs to meet the
specification of 1000, T later changed the Vpgsr of the NMOS’s driving my diff pairs to 0.05 V,
leaving the other transistors at 0.1 V. These choices for Vpgar lead me to create reference
voltages of 0.4 V and 0.8V from my current mirror (since Vgs — Posar + V7).

In regards to the body effect, the only possible problems could occur for the driving
NMOS’s of the diff pairs and the source follower, and the middle NMOS of the current mirror. I
chose the voltages of the sources of these to be 0.4 V, so the body effect would change V7 to

Ve =Vion + 726, +Vss — /26, )= 0.345V . This did not turn out to be problematic for the

NMOS’s in my diff pairs, since Vpgar = 0.05V and I would simply have to pick VIC = 0.795 V
to get Vgs = Fpgar + V7= 0.395 (for the SE diff pair I designed the DC input voltages to be at
7.95V). However, for the NMOS in the source follower, body effect would lower the gain, since
Ay on = gm/(gm+gmb). Thus 1 decided to tie the bulk to GND for the diff pair NMOS’s (saving
area) but tie the bulk and source together for the source-follower NMOS, keeping the gain close
to unity. Since I was using only 5 uA for this stage and therefore small transistors, this had a
small effect on my FOM. For similar reasons 1 chose to short the bulk and source of the current
mirror.

After choosing the currents, Vpgar’s, and node voltages, I used the formula for the
current of a MOSFET in saturation to obtain the appropriate values of (W1}
2% ] i .
Y. —= . All calculations for the transistor parameters of my op amp, as well
L kl*VDSAT * (I + Z’VDS)
as the gain of each stage and the input and output voltage swings, are shown on the following
pages.




PARAMETERS OF TRANSISTORS

Table 1: Parameters for Transistors (DC Operating Point, Vi = 0.795V)

Transistor W (ll,l'll) 1L (pm) Vosar Vpsar Ins Ins
(simulated) | (calculated) | (simulated) | (calculated)

MCl1 0.22 0.13 0.891 V 0100V 4.43 pA 5 nA

MC2 0.22 0.13 0891V 0.100 V 443 uA S uA

MC3 0.57 0.13 -0.885 V -0.100 V -4.43 pA -5 uA

M10 0.45 0.13 0.891V 0.100 V 9.06 pA 10 yA

M1l 0.89 0.13 0453V 0.050 V 453 nA 5 uA

M12 0.89 0.13 0453V 0.050 V 4.53 pA 5 nA

M13 0.26 0.13 -0.954 V -0.105 V -2.35 pA -2.5 uA

M14 0.26 0.13 -0.954V -0.105V -2.35 pA -2.5 uA

M13h 0.28 0.13 -0.885 V -0.100 V -2.18 uA -2.5 uA

M14h 0.28 0.13 -0.885V -0.100V -2.18 pA -2.5 uA

MO 0.45 0.13 0891V 0.100 V 9.05 pA 10 pA

M1 0.89 0.13 0453V 0.050 V 4.53 pA 5 uA

M2 0.89 0.13 0453 V 0.050 V 4.53 pA 5 A

M3 0.57 0.13 -0.895V -0.100 V -4.53 pA -5 uA

M4 0.57 0.13 -0.895 V -0.100 V -4.53 uA -5 uA

MOt 4.09 0.13 0.882 V 0.100 V 84.3 nA 95 pA

MO2 10.50 0.13 -0.895V -0.100 V -86.1 uA 95 nA

MF1 0.22 0.13 0891V 0.100 V 443 pA 5 pA

MF2 0.22 0.13 0.801V 0.100 V 4.43 pA 5 uA

ME3 0.57 0.13 -0885V -0.100 V -4.43 uA -5 uA

PARAMETERS OF RESISTORS

<pone used>

SIMULATION RESULTS

Table 2. Simulation Results, Design Specifications, and Values from Hand Calculation

Specification Condition | Simulation Result | Hand Calculation

Aam @ Vic 1000 1.38 k 1.83k

A (@ Vic + 025V 1000 .33k ~183k

Aim @ Vic -0.25V 1000 1.44 k ~1.83k

Aem @ Vic 100 m -635 1 -589 u

Aom @ Ve + 025V 100 m -674 1 ~-589 1

Acm @ Vie -0.25V 100 m -599 u ~-589

Aun @ Vour 1000 138k 183k

Agm @ Vour + 0.3V 1000 132k ~1.83k

Agm @ Vour - 0.3V 1000 127k ~1.83 k




The simulation results show that my op amp meets all the necessary specifications. The
gain of the op amp is fairly consistent over the input and output voltage ranges, within about
10%. The gain is not much higher than the specification, since I designed the op amp to
consume minimal power and area at the cost of gain. The common-mode gain is very low
because I used 2 diff pairs and the CS amp did not have a very high gain.

The difference between the simulation results and the results from hand calculations can
be explained by noting that the simulated current values for all the transistors are about 10% less
than I had designed them to be. This difference in current has a considerable effect on the
calculation of the gain for each stage, and this error is multiplied over 3 different stages. The
reason the simulated currents are different is most likely due to the fact that the simulation used
the Level-2 model, while I used the equations from the Level-1 model. The Level-2 model
accounts for higher-order effects which the Level-1 model ignores. Another factor could be that,
due to the small currents I used and the small V47 (0.05 for the NMOS’s in the diff pairs), I was
operatmg very close to the subthreshold reglon Where the Level-1 equations become less

et St e ertesritliesenee . A smaller factor which may
have contnbuted to the dlf’ference was that I could only choose transistor widths in increments of
0.01um, so that I could not use the precise (W/L) ratio that I calculated.

FOM, TOTAL AREA, AND POWER CONSUMPTION
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Table 3: Total Area, Power Consumption, and FOM

Simulation Result

Hand Calculation

Total Area 3.08 um?® 3.0849 um?
Power Consumption 135 uW 150 uW
FOM (Power * Area) 415 pm* W 463 um**pW




COMMENTS AND CONCLUSION

Comments:

For my design I tried to use more NMOS’s than PMOS’s. This is because the mobility of
electrons is greater than that of holes, so to drive a fixed current, NMOS’s need a smalier
(W/L) ratio than PMOS’s. Thus using more NMOS’s saves area and improves my FOM.
With the configuration that T used for my op amp, [ found that I could use as little as 50 pA at
the output stage while still meeting spec. This lowered both my area and power, since less
current means a smaller (W/L) ratio 1s needed and less power is consumed. I was able to get
my FOM down to about 350 u. However, I noticed that one of the transistors (NMOS at
Vour= 0.9V, PMOS at Vour = 0.3V) entered cutoff region at the limits of the output voltage
range. This is due to the inverter-like properties of my output stage. The reason why I did
not use this current in my final design was because I thought that having a transistor
operating in cutoff region might yield a “less robust” design.

Conclusion:

There were 2 main challenges in the design of this op amp: achieving a high differential

gain while keeping the common-mode gain low, and driving the 1 k€ resistor at the output over
a large output voltage swing. To keep a high gain over the specified output voltage range
required a large current (greater than 300 pA) for the output stage, necessitating a large power
consumption as well as large transistors to drive the high current. I was able to work around this
requirement by varying the current generated by the transistors as the output voltage varied.
However, lowering the current of the output stage also lowered the gain, so I added another diff
pair in order to compensate. Once 1 had this configuration, I iteratively reduced the current at the
output stage in order to minimize area, power, and FOM while still meeting the spec.



