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Design Specifications:

The goal of this design was to create an op-amp that
using ON Semiconductor’s C5 500nm process. The
design would also need to operate with a minimum
VDD of 2V while being able to drive a max 100pF
and minimum 1K-Ohm loads. The additional
parameters that needed to be fulfilled were the
following:

e A DC open-loop gain greater than 66 dB
under all load and VDD condition.

e A Gain-bandwidth product larger than 1
MHz

e A common mode rejection ratio (CMRR)
greater than 90 dB at 100 kHz

e A power supply rejection ration greater than
90 dB at 100 kHz.

e A sslew-rate with maximum load greater than
1V/microsecond.

MOSFET Characterization:

A vital aspect of this design is being able to
correctly size the bodies of the transistors that we
will be using in the start-up, beta-multiplier
reference, diff-amp, and amplifier circuits.

The threshold voltage for the NMOS and PMOS
will be determined graphically by plotting the drain
current versus Ves and Vsg.
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Figure 1:LTSpice model providing the MOSFET parameters for the
op-amp
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Figure 2: NMOS characterization - Ves vs Ip

Sweeping Vs from 0 to 1V reveals the threshold
voltage to be approximately 0.73V. The derivative
of the drain current is taken in the top plot plane to

more easily see when the current begins to increase.
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Figure 3: PMOS Characterization - Vsc Vs Ip

Figure 4: Zoomed view of Figure 2

The PMOS was observed to have a threshold
voltage of 0.93V.

The next parameter to be found is the bias current.
A low bias current will allow for a smaller
overdrive voltage, which is necessary for a more
resilient design.

Choosing Bias Current:

To choose the bias current | swept VDS and VSD
vs VGS and determined the current at a VDD of 2V
(the minimum operation voltage).

I chose a bias current of 8.5uUA since a higher bias
current would have resulted in a higher PMOS
width length. | stopped around 8.5uA since the
PMOS width appeared to be getting too large.
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Figure 5:1D vs VDD for NMOA




Figure 6:1D vs VDD for PMOS

Summarized Table:

Characteristics NMOS PMOS
Bias Current Ip 8.5uUA 8.5UA
W/L 76/1.2 500/1.2
WI/L (Actual) 40/0.6 90/0.6
Vpssatand Vspsat | 55mV 55mV
Vesand Vsc 785mV 875mV
Vrun and Vrap 730mV 930mV
Kpn and Kpp 332uA/NV? 44 4uAN?
Cox' 2.4831 fF/lum? | 2.4831 fF/um?
Coxn and Coxp 85.82fF 644fF
Cgsn and Csgp 31.6fF 25.9fF
Cgdn and Cdgp 7.9fF 25.9fF
gmn and gmp 227TuAlV 228uAlV
lambda 0.25 vt 0.138v!

Table 1:MOSFET Characterization obtained from LTSpice error list

of BMR Circuit

Building the Reference Circuit:

This device requires a biasing circuit to provide
voltages references for the actual op-amp. The
primary focus of this circuit is to ensure that the
voltages and currents won’t vary with changes in
the power supply voltage (VDD). Alone a BMR
circuit would be subject to this operation, however
adding a diff-amp to the circuit would fix this

problem.

Start-up circuit:
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The startup circuit prevents the self-biased circuit
from going into cut-off mode. Should the circuit
turnoff, the circuit would have zero current flowing
through it and render the design useless.

Diff-amp + BMR:
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As previously stated, the Diff-amp/BMR combo
prevents the current and voltage changes as a result
of changes in VDD, however this design can cause
instability throughout the rest of the circuit. The
transistor, M22, is used to compensate for this
effect.

Bias Circuit:
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Figure 7:Bias currents through each of the branches
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Sweeping VDD from 1.5V to 5V shows a stable
current of 8.7uA from 1.5V to 3.7V. | assumed

Diff-Amp:
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there would be instability in my circuit after |
crossed 3.7V, however the op-amp appeared to
operate normally.

Amplifier Design:

The amplification design of this device will utilize
another Diff-Amp in conjunction with a Push-Pull
amplifier.

| originally selected my body sizes based on general
design choices by selecting a length to be twice the
times of the minimum length and choosing a width
similar to body sizes calculated in Table 1. I would
later change the length to the minimum length in
order to obtain quicker speed. These body sizes
would then be manipulated to achieve the desired
specifications of the project.
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Full Circuit:

PSRR > 60 dB at 1 kHz
Slew-rate with maximum load > 1Vimicrosecond
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Op-Amp Symbol for Circuit: : 100Meg
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The is the symbol | used to represent the full circuit
above including the bias circuit.

Op-Amp Performance:

Figure 8:DC Open Loop Gain Under load conditions

With a full capacitive and resistive load, the DC

DC Open Loop Gain: open loop gain of this device is 92dB with a unity
gain frequency of 4.3MHz, which satisfies the
requirement of the gain bandwidth product over
1MHz.



The gain bandwidth product could also be
calculated using the following pole splitting
method:

— Im1
Ce

fun

To calculate gm: we must calculate the sums of the
transconductances.

UA uA

uA
Im1 = Imn +gmp = 22774- 2287 = 455?

Substituting this back into the unity frequency
equation I get:

fin = 4.55MHz

Step Response:
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Figure 9: Step Response

The step response is a great indicator of the stability
of the device and how it will operate given an input
signal. This was tested by inputting a pulsed wave
to resemble a step response into the op-amp. A high
amount of overshoot means the device is rather
unstable. | was able to correct this by decreasing the
gain of the device. This was greatly influenced by
adjusting the width multipliers in transistors M27
and M30.

Output Swing:
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Figure 10: Output Swing

The output swing of the device extended from
0.42V to 2V. The upward swing of the output
extended to 2V, which was the goal however the
down swing of the signal didn’t fully approach OV.

Power Supply Rejection Ratio (PSRR):
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Figure 11:PSSR

The power supply rejection ratio comfortably fits
within the design parameters as it measures out at
71.2dB at a frequency of 1KHz, which fits into the
specification of 60dB at 1KHz. The PSRR was also
tested at a VDD of 2v where | obtained a PSRR of
66.0dB

Common Mode Rejection Ratio:
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Figure 12: CMRR

The CMRR of the device was able to meet
specification of this design as the frequency
response shows 90.7dB at 100KHz.

The CMRR can be calculated from the equation

CMRR = 20log(A2.L,
*Ap

Therefore, the CMRR can be increased by
increasing the open-loop gain. This would become a
challenge as | would have to choose between
increasing gain in exchange for decreased device
speed, which would affect the slew-rate.

Slew Rate:
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Figure 13:Slew Rate

The slew-rate is a good indicator of how quickly
our device operates or responds to an input. Here |
was able to calculate the slew-rate to be 1.71V —

498mV — 1.282 % which completes the

requirement of a slew-rate being at 1V per
microsecond. This parameter was slightly
challenging as I needed to sacrifice gain in
exchange for higher speed. However, after testing
many different parameters, | found that changing
the overall lengths of the MOSFETS to 0.6um
greatly increased the speed.

Input CMR As A function of Vpp
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Figure 14: Vout vs incrementing VDD

Power Consumption:
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--- Operating Point ---

WV (vdd) : 2 voltage
V (vout) : 1.11159 voltage
V(n001) : 0 voltage
V(n002) : 0 voltage
I(vdd) : -0.000627072 device current

The quiescent current draw of the device is 0.62mA,

so the power consumption would be:
Power = 0.62mA * 2v = 1.24mW
The overall power consumption would be 1.24mW

At a higher VDD of 5V | obtained the following:
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--- Operating Point ---

V (vdd) : 5 voltage
V(vout) : 2.74455 voltage
V (n001) : 0 voltage
(n002) : 0 voltage
I (Vdd) : -0.00283231 device_current

The current draw at this VDD was 2.83mA, so the
quiescent power consumption would be

Power = 2.83mA * 5v = 6.2mW

Temperature Testing:
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This device’s gain decreases with increases in
temperature.



Summarized Data Table:

Output Swing

0.42v to 2v

VDD Operating Range

2v to 5v

Input CMR

-785mV to VDD + 685mV

Specifications 2V 5v
Open-Loop Gain 92.6dB 90.4dB
Gain Bandwidth 4.38MHz 7.68MHz
Product

Slew-Rate 1.282v/uS | 4.28v/uS
CMRR at 100KHz | 90.7dB 84.3dB
PSRR at 1KHz 66.0dB 71.2dB
Quiescent Power 1.24mW 6.2mwW

Consumption




