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Before diving into the specific design of my OTA, I think it is beneficial to quickly understand what the 
high level goal of such a design is (which we should not lose sight of when things get complicated).  For a 
closed loop system similar to our OTA design, we can easily use return ratio analysis to write 
 
 
Furthermore, assuming a single pole approximation and a two-stage design we can more specifically write  

 
The last expression describes the OTA compactly as a single pole system.  It is just like the integrator 
model often used in op amp analysis, which describes circuit behavior at moderate frequencies (above the 
low-frequency, dominant pole and below the high-frequency onset of non-dominant poles).  A feedback 
system that can be approximated with this model has the benefit of being stable, and of having low DC 
error (integrator).  The bottom line is that we want to force our circuit to be dominated by the ratio of 
gm1/Cc.  We do this by keeping all the other poles and things at high frequencies beyond where the 
amplifier stops amplifying.   
 
Next, we need an architecture that will allow us to reach these goals.  Admittedly I tried a variety of 
architectures because I was determined to have an “interesting” circuit, as opposed to choosing a “boring” 
circuit like the one I ended up with.  Justification for the design I eventually chose follows from 
examination of the intrinsic gain plots and fT plots for the 214 Technology transistors.  First of all, 
cascodes are required.  Without cascodes, long channels will have to be used, meaning somewhere in the 
circuit you will have a P-channel device with an fT of 1GHz and all hope will be lost.  Additionally, if you 
bother to put in a cascode on, say, a common-source device, then it makes sense to also cascode its 
corresponding active load device so that you don’t waste that high ro.  Since we don’t have common-mode 
input range requirements and we do have output range requirements, I decided to fully cascode the first 
stage and not cascode the second stage.  The next consideration is which stage will be driven by an n-
channel and which will be driven by a p channel.  This is guided by the requirement that our non-dominant 
output pole must be supported by fT of the stage 2 transistor.  It is reasonable to expect that fT may need to 
be 5-10X higher than the non-dominant pole.  Another quick glance at the fT charts says that we have to 
choose an N-Channel second stage, because the P-Channel devices just aren’t fast enough.   
 
Moving on to the hand calculations, I used a Mathcad document nearly identical to the one given as an 
example (since space is limited, I chose not to repeat all your equations back to you in this document).  To 
justify why it is in fact valid to use those same equations for my circuit, I point out that the major difference 
between my circuit and the example is my use of cascodes on the input stage.  But because I always use the 
same geometry for both of a pair of cascoded transistors, it is reasonable to expect similar relationships 
among cgg’s, junction capacitances, and gm’s as one would have if those transistors were not cascoded.  
Additionally, however, I did need to add several “worksheets” to the document in order to help me make 
key design decisions.  One example is my DC gain worksheet, used to decide on channel lengths.  An 
example of the basic equations involved in this worksheet is as follows: 
 

 
 where   
 
 

By appending these equations below the given example script, I could make an accurate guess of the DC 
gain because all of the quantities in these equations are known.  This way I can quickly see the impact of 
circuit changes on the DC gain.  Notably, this helped me decide all my channel lengths.   
 
By playing with the “knobs” from the example (I consciously decided to avoid an optimization routine 
because it proved beneficial for me at this stage to develop some intuition with the charts) I was able to 
optimize the use of power to meet the requirements.  Additionally, I needed to determine where to operate 
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all the other transistors in the circuit: Based mostly on technology hot spot curves (which I generated vs. 
gm/id), I chose to operate all the transistors at a gm/id of around 10*(1/V).   
 
Next I put the design into spice.  From here on, the design iterations became something like: Simulate �  
Investigate �  Change �  Simulate…  Here is basically how my design process went: 
 
First Simulation: The DC gain was very much on target, which is expected because the operating points of 
the transistors (gm’s so forth) are pretty accurately characterized (with the exception of Vds dependence) 
and are controlled by current scaling.  The bandwidth and phase margin were not so accurate: the 
bandwidth was 150MHz and the PM was 74.  This, of course, is also expected because we were forced to 
make pretty vast assumptions about the relationships between gm and all the intrinsic capacitances and 
parasitic junction capacitances.  So I decided to trade some PM for BW by reducing Cc by about 20%.  
Additionally, the total power was a bit greater than I calculated because of current mirror mismatch (due to 
considerable Vds differences across the current sources), so I scaled back the m factor biasing stage 2 in 
order to make the output transistors operate at the intended point. 
 
Second Simulation: After the above modifications, the BW is close to 200M (197), but the PM has dropped 
too much (67).  Still, I think this second simulation is where we actually see how well the Mathcad 
document served us.  While it did not nail down the bandwidth/phase margin tradeoff that well, it did help 
us to choose operating conditions that make it easy to come very close just by turning the Cc knob a little 
bit.  After compensating for current mirror error, power and other key specs are quite close to predicted 
(compare first and third columns of the table below). Well, at this point we see that we can’t just get away 
with BW / PM tradeoffs, and we will have to start moving operating points and trading power.  Quick 
Mathcad calculations show that our non-dominant pole is actually right where we want it to be (580 MHz), 
but a third pole resulting from the input cascodes (at 2.3GHz) is reducing the phase margin by an additional 
5 degrees or so.  This third pole will be hard to move because P-channel transistors just don’t have much 
fT.  Therefore, I decided to instead push out the second pole (instead of the third) by increasing stage 2 
current and stage 2 widths (trying to increase gm of output TRs in order to increase fp2).   
 
Third Simulation:  (Okay, obviously this is really like the 2000th simulation, but I’m trying to just mention 
the highlights).  After increasing second stage power, I am sitting on the cusp of victory.  I could invest 
more power, but because I only need a very slight improvement (and arguably none at all), I tried to go a 
different route and decrease the output junction capacitance.  To do this, I simply cut the width of M3 (my 
stage 2 bias transistors) in half.  This reduces their gm/id from 9 to about 6.5, but the technology sweet spot 
for P-channel devices is close to 7 anyway, and those operating points were somewhat arbitrarily chosen in 
the first place.  This removes nearly 300fF from the effective load – a valuable improvement.     
 
Fourth Simulation:   Finally, things are good and I do a slight amount of tweaking on Cc to optimize PM 
and BW.  This is the final circuit for Phase A.  A table showing the evolution of the design is as follows:  

 
�  Design evolution �  

 Hand Calcs. 
First 

Simulation 
Drop Cc and 

Id2 Increase Id2 
Reduce Cjout 

/ Tweak 
Power (mW)* 9.3 11.5 10.1 14.4 13.25 
BW (MHz) 200 157 196 200 202 
PM (deg) 70 74 67 69.75 70 
B*avo (dB) 63 62 62 62.5 62.3 
gm/id1 (1/V) 7.2 7 7 7 7 
gm/id2 (1/V) 12.5 11 11.8 12 12.3 
Cc (pF) 0.91 0.91 0.7 0.7 0.67 
fp2 *MHz) 550 580 563 680 740 

*NOTE these power calculations do not include biasing circuitry 
Also, fp2 was recalculated each time using capacitance information from the spice simulations
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For Phase B, I started with the final design from Phase A and made changes based on the transient 
performance.  Unlike Phase A, Phase B does not lend itself summarizing the design flow into a small table 
of gms and BW’s and so forth because the improvements are often based on the shapes of curves and things 
which cannot be usefully summarized in a single number.  Therefore, I will spend some time explaining the 
shortcomings of each design iteration and why certain changes were made. 
 
First of all, how fast should the Phase A Design settle?  Using the nice settling graphic from Slide 12, 
Lecture 19, we see that a 200MHz system with 70 degrees PM should settle within  
 
 
 
 
But of course my circuit did not settle in 4ns, though it did not do too badly either.  As I did in Phase A, I 
will highlight a few design slices and talk about the strategies employed to move forward.  The first 
transient simulation of the Phase A design seemed pretty well-behaved.  I believe this owes largely to the 
fact that my phase A design was well controlled and somewhat conservative.  The main difficulty with this 
circuit is that the slew rate is asymmetrical.  However, the problems go a bit deeper than that.  The common 
mode feedback loop did not seem to be extremely stable (at least this seemed like a good guess because the 
circuit was ringing, and I know my differential loop is more stable than that).  So the first thing I did was 
decrease the “G” element a lot (down to 500uA/V).  The thought is that this will make the CM loop stable 
so that my circuit quits ringing.  And I also don’t actually want the CM loop to do a lot of work during a 
differential step because it can mask an asymmetrical slew rate problem.  To see this, consider the fact that 
my output stage can slew negative much faster than it can slew positive.  For a differential input step, there 
will be a net negative change in the common mode output voltage (if the slew rates aren’t controlled), 
which will cause the G element to reduce the tail current, which slows down the input stage enough to then 
reduce the negative slew rate.  In such a scenario, the CM loop plays a vital role in regulating the output 
slew rate, which I think is a little dangerous if you aren’t careful (I don’t like too many loops within loops 
all operating at the same frequency).   
 
After reducing G, I was able to debug the asymmetrical slew rate effectively.  One glaring area of trouble is 
that the Phase A design clearly violated the suggested Stage 1 to Stage 2 slew rate ratio.   
 

 
According to this, we need to increase stage 2 current by about 25%.  Alternatively, we might be tempted 
to reduce Stage 1 current to adjust the ratio.  But I feel as though Stage 1 is pretty well set by the single 
pole performance of the amplifier.  We can’t reduce Itail of this stage without increasing gm/id (gm must 
be maintained for loop gain performance), but increasing gm/id will decrease fT of the (P-channel) input 
transistors, which will cause more trouble with that third pole (the “cascode” pole).  So I feel as though the 
best thing is to bite the bullet and invest more current into Stage 2.   
 
Just to help explain the design choices at this point, 
I have a plot of the output currents from each 
output (green and blue lines) as well as the 
differential output current (red).  According to this 
plot, we have several things going on.  First, there 
is the initial disturbance resulting from feedthrough 
of the feedback loop (the output junction 
capacitances of the amplifier allow for some 
instantaneous current flow from the feedback 
caps).  The output transistors then react to this 
disturbance by swallowing some of the current for 
about 500ps (this initial current swallowing is 
asymmetrical…my theory for that is if you try to 
quickly push current into the output stage, the 
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miller capacitor makes “M2” look like a diode, whereas if you try to quickly pull current out, the “diode” is 
backwards and you have to get that current from the miserly current source).  At about the 1.25 ns mark, 
there is another funny little discontinuity in the current flow.  This I believe to be the feedforward through 
the OTA itself (through all the various junction capacitances and what not) finally reaching the output.  
This makes sense because it is in the correct direction for such a thing (remembering that the positive and 
negative inputs and outputs are cross coupled), and because it happens a little while after the initial 
disturbance (allowing for going through more capacitances along the way).  This means that we really have 
no control over what happens before that point because the OTA isn’t doing anything at all.  Therefore, I 
think it is unreasonable to try to have perfectly symmetrical slewing, because half of it happens before the 
OTA even knows what hit it.  There are some tricks that you could do, such as increasing the load 
capacitance, but that probably won’t help us keep the power down (even if it somehow did reduce the static 
power, the dynamic power of any circuit always gets worse if you add capacitance).   
 
In summary, while I don’t want the CM loop to be critical to my settling, there is no way to avoid having 
some amount of CM disturbance.  Therefore, the CM loop will have to be fast and stable enough to recover 
from the disturbance in an appropriate amount of time.  I performed several Middlebrook analyses on the 
circuit with various values of G which are summarized in the table below: 
G Value 3m 1m .7m .5m 
Bandwidth (MHz) 240 115 88 68 
PM (deg) 39 53 58 64 

 
The CM feedback loop has less PM than the differential loop because of the large capacitance at the tail 
node of the differential pair.  If the impedance looking into the sources of the input transistors at this node 
is about 1/gm (valid approximation since the drains are “ac grounded” with the Miller cap), then you just 
need to consider when current will either go into the source (where we want it) or into the parasitic 
capacitance (where it is wasted).  Assuming a gm of 3.5 and realizing that the capacitance at this node is on 
the order of 1pF, then we have a pole around 6-700MHz.  This pole makes it very difficult to improve the 
CM loop stability.  I chose a G value of 0.7mA/V because it has decent PM and has about half of my 
differential bandwidth.   
 
Another difficulty with the CM feedback is that, while it has high loop gain, this does not work in the way 
you might hope.  To see this, consider the possibility that the G element must source 100uA into the tail 
node in order to keep someone from going into triode.  Well if G were only 1mA/V, then it will force a CM 
output error of 100mV (eg. the voltage required for it to source 100uA).  In this way, the “Loop Gain” of 
this circuit is misleading because it does not necessarily mean that the output voltage will be regulated 
precisely, even if the CM loop gain is large.  My circuit happens to suffer from such a problem.  The 
mirrors are off by about 10%, and I’m not sure that they can do much better without some help.  To solve 
this problem, I added an extra transistor to the circuit.  This transistor makes the current transfer from the 
negative power rail to the positive power rail sensitive to the common-mode input voltage (well, in this 
case to the common mode output voltage, but they are the same so I’m cheating a little.  You could also 
probably derive such a voltage from the tail node perhaps).  I haven’t been able to prove quantitatively how 
much improvement this guarantees, but in this case it changes the required contribution from the G element 
from 130uA to 3uA.  Also, it works in the right direction (ie. if the common mode voltage goes up, more 
current goes through M4I, which combats the problem of M3 losing headroom).  If you use output 
resistance to model current mirror dependence on Vds, then you can match them perfectly, but I suspect 
that in practice that might prove to be one of those “academic solutions.”   
 
After changing the output stage currents (using m values) as stated above and also adjusting the G value to 
700uA/V (and some very minor tweaking), Phase B was complete.  I actually did very little Phase B 
simulation.  I could now go back and try to find ways to decrease power, but given the time constraints on 
this project, I would rather be conservative and have something that I understand than try to reverse 
engineer my way to something different.   
 
Finally, the power certainly increased for Phase B, but just according to the increase in stage 2 current.  So 
Phase B required 19.7mW as opposed to 15.8mW in Phase A, which is about a 25% increase.   
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For Phase C, I started with Phase B and modified the design to meet noise specs.  This turned out 
to cost a lot more power than the settling specs cost (that is, Phase B to C had a larger power 
increase than Phase A to B).   
 
Following the steps outlined in the handout, I first calculated the required amplifier noise in order 
to meet the DR spec: 
 
 
 
 
 

 
 
 
 
I then derived the expected noise from my phase B design as follows: 

 

 
 

 
 
 
 
 
 

 

 
These numbers turned out to be WAY off, so I modified the equations to add in the noise from 
active loads.  This was an easy modification to make because the additional noise sources are 
added in parallel with the existing ones (from the noiseless load case), so we already know the 
transfer function of Vo/Inoise for these sources: 
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These numbers turned out to be very accurate.  The simulated result turned out to be about 
250uV, meaning the agreement is excellent.  It is a little surprising that the hand calculation is a 
little pessimistic, since we have actually neglected some noise sources (such as cascodes), but I 
am happy with this equation as a predictor of noise, so I will proceed with it.   
 
Next, following the handout, I multiplied the design by a factor k (=9 for my circuit).  As 
expected, the noise fell right in line with the desired spec, but the power was much greater (well, 
it was almost exactly 9 times greater than my Phase B design).  This turned out to be 180mW.  
But the noise and settling specs were both easily met.  Additionally, using the equations above, I 
performed a hand calculation of the expected noise, and again the hand calculation was spot on 
(<5% error again).  So this give me slightly more confidence in the hand calculation method.   
 
Step 5 was of course, much more challenging.  I modified my MathCAD script to include the 
noise equations (the entire script is stapled to the back of this as “appendix B,” but it’s just an FYI 
section, not intended for grading…just to let you know I’m not making this stuff up).  I then 
performed another hand-optimization, just like I did at the beginning of phase A (just with more 
equations now).  I put this all into spice and, of course, the specs were not met.  Exactly as in 
Phase A, the bandwidth was too low, and the Phase margin was too high.  As you may have 
guessed, this also means the that noise was lower than it had to be.  So I lowered Cc and juggled 
some values slightly in order to get a decent circuit that meets all the specs and used 110 mW.   
 
With a slight tweak, the total power ended up being about 105mW and all specs were met.  If this 
were a real design, I would have probably stopped here.  It is a conservative design than doesn’t 
rely on the planets and stars lining up and stuff like that in order to settle.  But, just for fun, I 
decided to continue and see if I could lower the power even more.   
 
At this point, the real Spice madness begins.  Due to time constraints on a project like this, you 
sometimes don’t get a chance to investigate hand calculations vs. simulations to the degree that 
you would like.  However, even when you aren’t able to resolve all the differences, the equations 
that you derive still allow useful insight.  In my case, increasing CL always lowers noise.  
Increasing Cc lowers noise also, but not as directly as CL does.  Therefore, I decided to juggle Cc 
and CL until I optimized for lowest noise, while still meeting the settling spec.  Increasing CL 
lowers Phase Margin, so you have to increase Cc to compensate, which lowers bandwidth.  But I 
found that you can still meet the settling specs even at lower bandwidths if you tune the phase 
margin just right.  Of course, this is dangerous.  At NI I designed many settling circuits over the 
years (actually those were all limited by Dielectric Absorption, not by approximately-linear 
equations regarding BW and PM).  But relying on specific tuning for some curve to just clear the 
limits always means low yields.  But like I said, this is just fun at this point.  So I tuned the circuit 
to settle with lower BW, which of course lowered the noise quite a bit.  I then used the scaling 
factor (in the other direction) to increase the noise back up to 84uV. Using this, I was able to 
achieve all the specs, using just 85mW.   
 
 



Phase B design noise performance. 
 

 
 



Phase C, Final Design 
 

 
 



 

 



 



Conclusion 
 
First, let me critique my own design flow.  While I’m not trying to give you motivation to lower 
my grade, I will say that I’m not happy with the cleanness of my design flow.  I think this owes 
most largely to the time crunch involved.  If we had more time then we could do a better job of 
resolving the differences between the hand calculations and the simulations.  It is crucial to have 
a nice feedback system where you can incorporate these discrepancies back into the model so that 
everything (hand calculations and simulations) converge reasonably well.  On this project, I felt 
more like there were two phases: hand calculation and simulations, as opposed to having better 
continuity between these two.  I do not mean that I have done a terrible job either, but if there 
were one area where I would like to make improvement, that is it.  Such a deficiency is most 
noticeable when you are given a new constraint (such as noise).  If you have done a great job in 
Phase B of resolving your discrepancies, then adding one more constraint does not make you lose 
very much work.  But if you haven’t adapted your hand calculation models well enough, then 
adding new constraints often means going back to square one.   
 
How specifically would I improve my design flow?  First of all, I noticed that every time I went 
from hand calculations to spice, the BW was always too low and the PM was always too high.  
Obviously, this is because of the estimations we make between Cgg’s and gm’s and such.  If I had 
the time, I would derive a new set of equations that, primarily, do a better job of estimating 
junction capacitances (most of the other relationships are KCL-based, so are more exact).  I 
would also like to work in a few more effects that seem to be significant (non-dominant cascode 
poles perhaps).  You don’t want to muddy things up too much with equations, but if something is 
consistently a problem, it is good to be able to account for it early in the design stage.  The 
primary reason for this being that humans are poor optimizers.  Optimizations done early (in the 
“hand calculations” phase) can be computer-aided and can be quite good.  Optimizations done 
late in the design (in the “spice phase”) are educated guesses and are a lot of work.  Currently, I 
am not happy with how close I can with hand calculations.  I need to find a comfortable point, 
somewhere between what I have and what we were shown by the guest lecturer.   
 
One other thing that I think is bad about my design is that it is not a very good citizen of the 
signal chain.  I’m making the amplifier before mine drive 24pF while telling the amplifier after 
mine that it can only make me drive 1pF.  Given the project constraints, I wasn’t motivated to 
increase CL because increasing Cf does the same thing (increasing CLtot), but also improves 
beta.  Perhaps a good constraint would be to force your amplifier to be able to drive your own 
amplifier.  Maybe next year.   
 
Back to the design at hand, I’m adding an extra column called “Phase C no gimmicks” that meets 
all the Phase A, B and C specs simultaneously.  This circuit is more robust because its settling is 
less sensitive to PM and BW fluctuations.  The Phase C Final circuit meets the required Phase B 
and C specs, but may not really be seaworthy.  In any case, the power cost of low noise is 
apparent.  The noise constraint dominates everything.   
 
Phase A Phase B Phase C no gimmicks Phase C final 
15.8mW 19.7mW 105mW 86mW 
Percent increase �  25% 433% (comp B) 336% (comp B) 
 
 


