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1 Schematic of Op-Amp

Figure 1: Schematic of Op Amp

I used the basic 2-stage op amp configuration.

2 Design Parameters

Table 1: MOSFET sizing
Component Width [µm] Length [nm]

M1, M2 80 270
M3, M4 10 270

M5 101 270
M6 104 270
M7 160 270
M8 730 270

1



Table 2: Other Component Values
Component Value

Iref 230µA
Rz 100Ω
Cc 450fF

3 Specifications and Results

Table 3: Required Specifications
Spec Requirement Result

Fall Time < 7ns 6.71ns
Rise Time < 7ns 6.7ns

Power Consumption < 2.5mW 2.45mW
Output Resistance < 1Ω 0.9861Ω

Thermal Noise < 400µV rms 287.6µV
DC Signal Gain > 5000V/V 8456.84V/V

Output Swing Low < 200mV 142.5mV
Output Swing High > 1V 1.05V

Phase Margin > 60o 64.11o

PSRR
>60 dB at DC

>40 dB at 50 kHz
57.92 dB
57.92 dB

CMRR >60 dB 57.41 dB

4 Selection of Initial Design Parameters

This is the general method I used to select design parameters for my Op Amp.
I will use variables to represent all the values, but include the final calculated
values at the end of this section. As I had to change my design to better
match the specs, I periodically had to come back to these calculations but with
different values & results. Here I will include the initial round of calculations
to demonstrate the methodology, then later explain reasoning behind changes.

First I selected the length of all the transistors. To do this I used the
expression for open loop gain of the 2 stage op amp

A0 =
(gmro

2

)2

(1)

The requirement for Open Loop Gain is that it must be greater than or equal
to 5000, so to meet this spec the intrinsic gain of the transistors, gmro must
be greater than or equal to 142. Looking at our plots for intrinsic gain of the
NFETs and PFETs, the 180 nm length transistor does not quite have the gain
necessary to meet this spec and the 360 nm length seemed overkill, so I chose
the middle value of 270 nm length for both my NFETs & PFETs.

Ln,p = 270nm (2)
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Now that I had a transistor length I can use our plots of ID
W vs gmro to solve

for the current density. Biasing both NFETs & PFETs at the edge of weak
inversion, we get (

ID
W

)
p

= 0.8µA/µm (3)(
ID
W

)
n

= 7µA/µm (4)

Once we have the current density, we can use our ID
W vs gm

W plot to find the
corresponding gm

W for both NFETs and PFETs.(gm
W

)
p

= 15µS/µm (5)

(gm
W

)
n

= 100µS/µm (6)

The most important spec for this op amp is the settling time. The settling
time (as well as the Phase Margin) depend on the poles of the system. In order
to choose good poles for the system, I used MATLAB. The open loop transfer
function of the op amp is approximately

Hopen =
A0

(s+ ωp1)(s+ ωp2)
(7)

With the op amp in the inverting amplifier configuration, the transfer function
of the closed loop system is

Hclosed =
Hopen

2 +Hopen
(8)

Using different pole pairs for ωp1 and ωp2 on MATLAB I was able to calculate
the Phase Margin of the open loop transfer function and settling time for the
closed loop transfer function. I iterated through a bunch of pole values until I
found a pair that appeared to settle quickly enough and left a healthy cushion for
Phase Margin. The poles I chose for my initial iteration were ωp1 = 80kHz×2π
and ωp2 = 1600MHz × 2π. This predicted a settling time of 2.8 ns, a Phase
margin of 75o, and a unity gain frequency of ωu = 388MHz × 2π. The rest of
these initial calculations will be based on these values.

We know that for this op amp the pole of the 2nd stage is determined by
gm5 and the load capacitor CL as such

ωp2 ≈
gm5

CL
(9)

Using a 1 pF load capacitor and our chosen pole, we get gm5 = 10mS. We use
this and our value for

(
gm
W

)
n

from earlier to get a size for transistor M5

W5 =
gm5(
gm
W

)
n

= 100µm (10)
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Now that we have a width we can use the NFET current density ID
W to solve for

the current through the mosfet ID5.

ID5 =

(
ID
W

)
n

W5 = 700µA (11)

The current through M5 should match the current through M8, so we can use
our value for ID8 and the current density for the PFET to solve for the width
of M8

W8 =
ID8(
ID
W

)
p

= 875µm (12)

Next we start sizing the transistors for the 1st op amp stage. Based on a
system with a reasonable settling time & large Phase Margin cushion found
using MATLAB, the unity gain crossover frequency is ωu = 388MHz×2π. The
expression for the relationship between unity gain frequency and gm1 is

ωu ≈
gm1

CC
(13)

Starting out with the choice of CC = 0.5pF and our chosen value for ωu, we get
gm1 = 1.2mS. From here we get an expression for the width of M1, as well as
for the other side of the differential amplifier, M2

W1 = W2 =
gm1(
gm
W

)
p

= 80µm (14)

Since the identical ID s going through M1 and M2 must both go through M7,
to keep the same current density for the PFETs, M7 must have twice the width
of M1

W7 = 2W1 = 160µm (15)

We can also use this current density to find an expression for ID1.

ID1 =

(
ID
W

)
p

W1 = 64µA (16)

Since all of ID1 must go through the NFET M3 we can get its width as well as
for the corresponding M4

W3 = W4 =
ID1(
ID
W

)
n

= 10µm (17)

Finally we must size the reference current source Iref and the corresponding
PFET M6 such that it biases mosfets M7 and M8 stay biased properly in the
saturation region. However, we don’t want to dissipate too much power in this
stage, so I initially designed Iref such that it was 1

10 the total current through
M7 & M8, which in this case came out to be Iref = 83µA. Using this value for
Iref , we can find an expression for the width of M6

W6 =
Iref(
ID
W

)
p

= 104µm (18)

4



Now that all the mosfets have been sized, all that’s left is to find the correct
Rz to compensate for the zero. I’ve chosen to cancel the zero with a pole, and
therefore have the following expression

Rz =
1

gm1
= 100Ω (19)

These design parameters were all preliminary on my first attempt at meeting
the specs before I began simulations. Throughout this project I changed my
desired poles and other parameters in attempts to get my actual simulations to
match the specs. As I made these changes I went back through this process and
found new parameters but the design process remained similar. I will discuss
the reasons for some of these changes in later sections but will not go over their
calculation again.

5 Modifications to Meet Specs

I was happy to see that my initial design parameters got me pretty close to
the desired behavior of the system. My settling time was a bit too long, but
I was way below the necessary power spec and had phase margin to spare, so
I reduced the width of the output stage mosfets to reduce the settling time. I
also increased the reference current Iref to really get current flowing through
the transistors and more rapidly converge. As I fiddled with these values, I
periodically ran a DC analysis and saved the operating points to make sure
that all of the mosfets in the output stage stayed in saturation so there wouldn’t
be current mismatch and the offset would be minimized. This mostly involved
reducing the width of M8 quite a bit and really getting the current raging. I did
have to periodically check and ensure that I didn’t boost the current source so
high that I overshot the power spec. At one point I found values that worked,
but the output impedence was slightly too large. I further increased the value
for Iref to decrease the output impedance. I ended up settling on a smaller
W8 = 730µm instead of the originally calculated 875µm, and I ever so slightly
increased the width of M5 to W5 = 101µm from 100µm to minimize the offset.
I also decreased my designed 500 fF compensation capacitor to 450 fF, which
further decreased the settling time and pushed it below the 7 ns requirement.
Once I got these values ensuring that the settling time, power, and DC gain
specs were met, I was pleased to see that it passed most of the specs without
any further adjustment.

The only specifications my design did not meet were the PSRR+ at DC and
CMRR at DC. These were off by less than 3dB, so the values were really close
to the desired requirement. I had a little more wiggle room on some of my specs
such as phase margin and settling time so I’m confident I could have done so
with a bit more time. I discuss possible adjustments I could make to the design
to meet these specs in the PSRR+ and CMRR sections below.
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6 Simulations

6.1 Settling Time

Figure 2: Settling Time Test Setup

The schematic for my test of the settling time of the closed loop circuit can
be see in Figure 2. For this test I ran a transient analysis with a square wave
on the VINM input of the op amp that switched between 500 mV and 700mV
with an Ocean script.

The rise time can be observed at the 400µs point, and I’ve zoomed in on this
transition in Figure 3. I’ve labeled the 7 ns time point as well as a point further
away to mark the final settling voltage. As you can see, at 7 ns the voltage has
reached 700 mV, and the final settling voltage is at 699.9mV. This is within the
0.1% settling time spec of 0.2 mV. The exact measured 0.1% settling time was
6.7 ns as returned by Ocean’s settlingTime function.

The fall time can be observed at the 200µs point, and I’ve zoomed in on this
transition in Figure 4. I’ve labeled the 7 ns time point as well as a point further
away to mark the final settling voltage. As you can see, at 7 ns the voltage has
reached 500 mV, and the final settling voltage is at 500.2mV. This meets the
0.1% settling time spec of 0.2 mV. The exact measured 0.1% settling time was
6.71 ns as returned by Ocean’s settlingTime function.
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Figure 3: Rise Time

Figure 4: Fall Time
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6.2 Power Specification

Figure 5: Power Test Setup

Figure 6: Total Power Consumption

The schematic for the power consumption test can be seen in Figure 5. To
run this test I used the ADE environment and ran a transient analysis with a
common mode voltage of 600 mV and no differential voltage. I used the ADE
environment to save the power dissipation in the circuit, and plotted it as seen
in Figure 6. The result of 2.45 mW is below the 2.5 mW requirement.
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6.3 Small-Signal Closed Loop Output Resistance

Figure 7: Output Impedance Test Setup

Figure 8: Output Impedence

To test the output impedence I used a setup as seen in Figure 7. There is a
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current source on the output of the opamp with an AC gain of 1 and DC offset
of 0 V. I ran an AC sweep in an Ocean script starting at 1 kHz and sweeping
through 1 GHz. The resulting plot of the output voltage as seen in Figure 8 is
equal in magnitude to vout

i . This is the output impedance, and the measured
output impedance of my circuit is 0.9862Ω, which is below the spec of 1Ω.

6.4 Thermal Noise

Figure 9: Thermal Noise Test Setup

The schematic for my thermal noise test can be seen in Figure 9. Using ADE,
I ran a noise sweep from 10 kHz to 500 MHz with the reference point being the
output voltage. In the output section of the ADE, I put

sqrt(integ(VN(2) 10k 500M))

Which returns the RMS of the integral of the output noise. This is the Thermal
Noise of the circuit. The Thermal Noise of this circuit was at 287µV , which is
under the desired spec of 400µV .
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6.5 No Load Small Signal DC Gain

Figure 10: DC Gain Test Setup

Figure 11: Plot of Gain with Measurement at DC

The schematic for my Small Signal DC Gain test circuit can be seen in
Figure 10. I used Ocean to run an AC sweep on the differential input of the
circuit from 1 kHz to 1 GHz with a magnitude of 1. At very low frequencies
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the magnitude of the response is equal to the DC Gain, as seen in 11. The DC
gain of this circuit as returned by the Ocean script at O Hz is 8456.84 V/V. I
also had the script return the gain at 50 kHz, 7183.06 V/V, which will come in
handy for my PSRR+ simulation.

6.6 No Load Output Swing

Figure 12: Output Swing Test Setup

Figure 13: Output Swing

The schematic for my output swing measurement can be seen in Figure 12. I
used ADE to run a DC sweep on the differential input to the unloaded op amp.
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Then I plotted the output voltage and the derivative of the output voltage as
seen in 13. The derivative of the voltage is the gain of the op amp at that
operating point. I found the two points where the gain was magnitude 1000,
and added markers. I then labelled the corresponding output voltage. The
resulting voltage swing ranges from 142.5 mV to 1.05 V at the 1000 gain point,
which is within the 200 mV to 1 V spec.

6.7 Phase Margin with 1pF Load

Figure 14: Phase Margin Setup

The setup for my phase margin test can be seen in Figure 14. I ran an AC sweep
from 1 kHz to 1 GHz and plotted the phase margin and gain at the output as
seen in Figure 15. I placed a marker at the gain of 2 crossover location, and the
corresponding phase margin was 64.11o, which is greater than the 60o spec.
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Figure 15: Phase Margin at Gain of 2 Crossover

6.8 PSRR+

Figure 16: PSRR+ Test Setup
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The schematic for my PSRR+ test can be seen in Figure 16. I ran an AC sweep
on the VDD voltage input. I had the ocean script return the ratio OpenLoopGain

Vout

at DC and 50 kHz, using the values for Open Loop Gain at DC and 50 kHz as
measured in the open loop test in Figure 11. I converted these ratios to dB,
and got a DC PSRR+ of 57.92 dB and a 50 kHz PSRR+ of 57.92 dB. The 50
kHz PSRR+ is greater than the desired spec of 40 dB. Unfortunately my DC
PSRR+ is slightly less than the desired 60 dB. However, this means that my
PSRR+ is only off by a factor of 1.2x which isn’t that much. If I’d had more
time I’m sure I could have fiddled with my values until I got the correct spec.
I have a little bit of wiggle room in my other specs such as settling time, phase
margin, and power.

The PSRR+ at low frequency is inversely proportional to the gain from the
power supply a+, and therefore inversely proportional to the following expres-
sion

a+ ∝
ro5

ro5 + ro8

(
1− gm5ro8

2gm4ro7

)
(20)

Using this expression I can wiggle some of the widths, most notably the output
stage transistors M5 & M8, to finally get that last 1.2x gain necessary to meet
the 60 dB spec.

6.9 CMRR

Figure 17: CMRR Test Setup

The schematic for my PSRR+ test can be seen in Figure 17. I ran an AC sweep
on the VCM voltage input. I had the ocean script return the ratio OpenLoopGain

Vout

at DC, using the values for Open Loop Gain at DC as measured in the open
loop test in Figure 11. I converted this ratio to dB, and got a DC CMRR of
57.41 dB. Like my DC PSRR+, this was slightly below the desired spec of 60
dB. However, my CMRR was only off by a factor of 1.35x which again isn’t that
much. If I’d had more time I’m sure I could have reached the correct spec.
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The expression for the low frequency CMRR is

CMRR = 2gm4ro7gm1(ro2||ro4) (21)

To increase my gms I need to increase the widths of the transistors. By increasing
the widths of the fets in the first op amp stage - M1, M2, M3 & M4 - I would
improve the CMRR of the circuit. I probably wouldn’t even have to change
them that much - I’d just need to make sure I don’t go over the power or phase
margin specs.
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