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Phase A



Before diving into the specific design of my OTAhink it is beneficial to quickly understand wihhaé
high level goal of such a design is (which we stiadt lose sight of when things get complicatefédr a
closed loop system similar to our OTA design, we €asily use return ratio analysis to write

T(s):=bxa(9

Furthermore, assuming a single pole approximatiwhatwo-stage design we can more specificallyawrit

T(6) = b T(s):=b (SmzraM{om212) T6e) = et
1. S 1- sx 1 ngz + Cc>(9m2’2) S
p

The last expression describes the OTA compactéysiggle pole system. It is just like the integrat
model often used in op amp analysis, which dessrifireuit behavior at moderate frequencies (abbege t
low-frequency, dominant pole and below the higlgfrency onset of non-dominant poles). A feedback
system that can be approximated with this modettmasenefit of being stable, and of having low DC
error (integrator). The bottom line is that we wamforce our circuit to be dominated by the ratfo
gml/Cc. We do this by keeping all the other paled things at high frequencies beyond where the
amplifier stops amplifying.

Next, we need an architecture that will allow usdach these goals. Admittedly | tried a varidty o
architectures because | was determined to havnsésting” circuit, as opposed to choosing a itgr
circuit like the one | ended up with. Justificatifor the design | eventually chose follows from
examination of the intrinsic gain plots and fT glédr the 214 Technology transistors. First of all
cascodes are required. Without cascodes, longhelfmwill have to be used, meaning somewhere in the
circuit you will have a P-channel device with andiTLGHz and all hope will be lost. Additionalifyou
bother to put in a cascode on, say, a common-saiégee, then it makes sense to also cascode its
corresponding active load device so that you dea%te that high ro. Since we don’t have common-enod
input range requirements and we do have outpueraeguirements, | decided to fully cascode thé firs
stage and not cascode the second stage. Theamesitieration is which stage will be driven by an n-
channel and which will be driven by a p channéhisTs guided by the requirement that our non-damin
output pole must be supported by fT of the stagarisistor. It is reasonable to expect that fT megd to
be 5-10X higher than the non-dominant pole. Anotheck glance at the fT charts says that we have t
choose an N-Channel second stage, because therfrelldavices just aren’t fast enough.

Moving on to the hand calculations, | used a Mathdacument nearly identical to the one given as an
example (since space is limited, | chose not teaepll your equations back to you in this documefit
justify why it is in fact valid to use those sangpuations for my circuit, | point out that the maghfference
between my circuit and the example is my use af@dss on the input stage. But because | alwaythase
same geometry for both of a pair of cascoded tstors, it is reasonable to expect similar relatips
among cgg’s, junction capacitances, and gm'’s asvangd have if those transistors were not cascoded.
Additionally, however, | did need to add severabfsheets” to the document in order to help me make
key design decisions. One example is my DC gairksiwet, used to decide on channel lengths. An
example of the basic equations involved in thisksheet is as follows:
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By appending these equations below the given exaswipt, | could make an accurate guess of the DC
gain because all of the quantities in these eqgusiiwe known. This way | can quickly see the impéc
circuit changes on the DC gain. Notably, this bdlme decide all my channel lengths.

By playing with the “knobs” from the example (I cmiously decided to avoid an optimization routine
because it proved beneficial for me at this stagdetvelop some intuition with the charts) | waseatbl
optimize the use of power to meet the requiremeAtiditionally, | needed to determine where to eper



all the other transistors in the circuit: Based tiyosn technology hot spot curves (which | genedats.
gm/id), | chose to operate all the transistors ginéd of around 10*(1/V).

Next | put the design into spice. From here oa,désign iterations became something like: Simulate
Investigate Change Simulate... Here is basically how my design processt:

First Simulation: The DC gain was very much onéargvhich is expected because the operating pofnts
the transistors (gm'’s so forth) are pretty acclyatbaracterized (with the exception of Vds depemeg

and are controlled by current scaling. The bantwéhd phase margin were not so accurate: the
bandwidth was 150MHz and the PM was 74. Thisoofrse, is also expected because we were forced to
make pretty vast assumptions about the relatiosdhgtween gm and all the intrinsic capacitances and
parasitic junction capacitances. So | decidedadet some PM for BW by reducing Cc by about 20%.
Additionally, the total power was a bit greaterrthaalculated because of current mirror mismattfe(to
considerable Vds differences across the currentes) so | scaled back the m factor biasing s2sige
order to make the output transistors operate antkaded point.

Second Simulation: After the above modificatiomg BW is close to 200M (197), but the PM has drappe
too much (67). Still, 1 think this second simutatiis where we actually see how well the Mathcad
document served us. While it did not nail downlthedwidth/phase margtradeoffthat well, it did help
us to choose operating conditions that make it &mspme very close just by turning the Cc knolttke |
bit. After compensating for current mirror errpower and other key specs are quite close to pgestlic
(compare first and third columns of the table bgldwell, at this point we see that we can't just g@ay
with BW / PM tradeoffs, and we will have to starbwing operating points and trading power. Quick
Mathcad calculations show that our non-dominang pehlctually right where we want it to be (580 NiHz
but a third pole resulting from the input casco@#<.3GHz) is reducing the phase margin by antiahail
5 degrees or so. This third pole will be hard mvenbecause P-channel transistors just don’t haxghm
fT. Therefore, | decided to instead push out #moad pole (instead of the third) by increasingesta
current and stage 2 widths (trying to increase §output TRs in order to increase fp2).

Third Simulation: (Okay, obviously this is reallge the 2008 simulation, but I'm trying to just mention
the highlights). After increasing second stage gpwam sitting on the cusp of victory. | couhést
more power, but because | only need a very slighbtovement (and arguably none at all), | trieddaag
different route and decrease the output junctiggaciance. To do this, | simply cut the width o8 my
stage 2 bias transistors) in half. This reduces tim/id from 9 to about 6.5, but the technologgst spot
for P-channel devices is close to 7 anyway, anddlaperating points were somewhat arbitrarily chdse
the first place. This removes nearly 300fF from éffective load — a valuable improvement.

Fourth Simulation: Finally, things are good aribla slight amount of tweaking on Cc to optimiaé P
and BW. This is the final circuit for Phase A.table showing the evolution of the design is almfed:

Design evolution

First Drop Cc and Reduce Cjout
Hand Calcs. Simulation 1d2 Increase 1d2 / Tweak

Power (mW)* 9.3 115 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
gmfidl (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 lmigsiircuitry
Also, fp2 was recalculated each time using capao@anformation from the spice simulations
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Phase B



For Phase B, | started with the final design framag® A and made changes based on the transient
performance. Unlike Phase A, Phase B does notitsell summarizing the design flow into a smakiléa

of gms and BW'’s and so forth because the improvésreme often based on the shapes of curves angkthin
which cannot be usefully summarized in a single loeim Therefore, | will spend some time explainting
shortcomings of each design iteration and why oeghanges were made.

First of all, how fasshouldthe Phase A Design settle? Using the nice sgttifaphic from Slide 12,
Lecture 19, we see that a 200MHz system with 70esEgPM should settle within

1

— -~ x5=3979 10°s
2xp x20MHz
But of course my circuit did not settle in 4ns,ubb it did not do too badly either. As | did ind2le A, |
will highlight a few design slices and talk abdug tstrategies employed to move forward. The first
transient simulation of the Phase A design seemettlypvell-behaved. | believe this owes largelyte
fact that my phase A design was well controlled smishewhat conservative. The main difficulty witist
circuit is that the slew rate is asymmetrical. Hwer, the problems go a bit deeper than that. cBhemon
mode feedback loop did not seem to be extremehfestat least this seemed like a good guess bethese
circuit was ringing, and | know my differential [pas more stable than that). So the first thinlidl was
decrease the “G” element a lot (down to 500uA/Vhe thought is that this will make the CM loop $ab
so that my circuit quits ringing. And | also doatttually want the CM loop to do a lot of work chgia
differential step because it can mask an asymna¢siew rate problem. To see this, consider thetfeat
my output stage can slew negative much fasterittam slew positive. For a differential inputst¢here
will be a net negative change in the common modputwoltage (if the slew rates aren’t controlled),
which will cause the G element to reduce the taitent, which slows down the input stage enoughéeo
reduce the negative slew rate. In such a scertaedCM loop plays a vital role in regulating thetput
slew rate, which | think is a little dangerous @waren’t careful (1 don't like too many loops witHoops
all operating at the same frequency).

After reducing G, | was able to debug the asymroaitslew rate effectively. One glaring area ofibie is
that the Phase A design clearly violated the sugdeStage 1 to Stage 2 slew rate ratio.

| |
D2 0567 20714
C +C Ce

According to this, we need to increase stage Zatitry about 25%. Alternatively, we might be teeapt
to reduce Stage 1 current to adjust the ratio. | Begl as though Stage 1 is pretty well set bysihgle
pole performance of the amplifier. We can'’t reditaé of this stage without increasing gm/id (gnush
be maintained for loop gain performance), but iasheg gm/id will decrease fT of the (P-channeluinp
transistors, which will cause more trouble withtttierd pole (the “cascode” pole). So | feel asubh the
best thing is to bite the bullet and invest morgent into Stage 2.

IDl:: L |D2:: 1.

OTA Transient Check

Just to help explain the design choices at thiatpoi 5
| have a plot of the output currents from each
output (green and blue lines) as well as the
differential output current (red). According tash
plot, we have several things going on. First,eher
is the initial disturbance resulting from feedthgbu
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

Output (MA)




miller capacitor makes “M2” look like a diode, wkes if you try to quickly pull current out, the tdie” is
backwards and you have to get that current frommtiserly current source). At about the 1.25 nskmnar
there is another funny little discontinuity in tbierrent flow. This | believe to be the feedforwéndough
the OTA itself (through all the various junctiorpe&itances and what not) finally reaching the outpu
This makes sense because it is in the correcttiirefor such a thing (remembering that the positiwnd
negative inputs and outputs are cross coupled)banduse it happens a little while after the ihitia
disturbance (allowing for going through more cafmwies along the way). This means that we realy h
no control over what happens before that point iseghe OTA isn’t doing anything at all. Therefdre
think it is unreasonable to try to haperfectlysymmetrical slewing, because half of it happerisreehe
OTA even knows what hitit. There are some trittka you could do, such as increasing the load
capacitance, but that probably won't help us kéeppower down (even if it somehow did reduce thécst
power, the dynamic power of any circuit always getsse if you add capacitance).

In summary, while | don’t want the CM loop to bétical to my settling, there is no way to avoid hay
some amount of CM disturbance. Therefore, the Gdp lwill have to be fast and stable enough to recov
from the disturbance in an appropriate amountroéti | performed several Middlebrook analyses en th
circuit with various values of G which are summadzn the table below:

G Value 3m 1m .7m .5m
Bandwidth (MHz) 240 115 88 638
PM (deg) 39 53 58 64

The CM feedback loop has less PM than the diffémblttop because of the large capacitance at the ta
node of the differential pair. If the impedanceKkmg into the sources of the input transistorthist node
is about 1/gm (valid approximation since the drares“ac grounded” with the Miller cap), then yoigt
need to consider when current will either go itite source (where we want it) or into the parasitic
capacitance (where it is wasted). Assuming a gth®mand realizing that the capacitance at thisnsadn
the order of 1pF, then we have a pole around 6-HQIMT his pole makes it very difficult to improveet
CM loop stability. | chose a G value of 0.7mA/\Vchese it has decent PM and has about half of my
differential bandwidth.

Another difficulty with the CM feedback is that, ikhit has high loop gain, this does not work ie thay
you might hope. To see this, consider the podsittiiat the G element must source 100uA into Hile t
node in order to keep someone from going into &iowell if G were only 1mA/V, then it wiforcea CM
output error of 100mV (eg. the voltage requiredifdo source 100uA). In this way, the “Loop Gaof”’
this circuit is misleading because it does not asagly mean that the output voltage will be retrda
precisely, even if the CM loop gain is large. Mscait happens to suffer from such a problem. The
mirrors are off by about 10%, and I’'m not sure tiwy can do much better without some help. Twaesol
this problem, | added an extra transistor to theuii. This transistor makes the current trangfem the
negative power rail to the positive power rail $éves to the common-mode input voltage (well, imsth
case to the common mode output voltage, but theyhar same so I'm cheating a little. You coulaals
probably derive such a voltage from the tail nodehpps). | haven’t been able to prove quantithtikiew
much improvement this guarantees, but in this @adeanges the required contribution from the Grelat
from 130uA to 3uA. Also, it works in the right dition (ie. if the common mode voltage goes up,emor
current goes through M4l, which combats the probdémi3 losing headroom). If you use output
resistance to model current mirror dependence @) ¥eén you can match them perfectly, but | suspect
that in practice that might prove to be one of éhacademic solutions.”

After changing the output stage currents (usingaines) as stated above and also adjusting theu@ val
700uA/V (and some very minor tweaking), Phase B emmplete. | actually did very little Phase B
simulation. | could now go back and try to findysdo decrease power, but given the time consgaint
this project, | would rather be conservative andehsomething that | understand than try to reverse
engineer my way to something different.

Finally, the power certainly increased for Phasbé®,just according to the increase in stage 2ectirr So
Phase B required 19.7mW as opposed to 15.8mW isePAawhich is about a 25% increase.
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For Phase C, | started with Phase B and modified

the design to meet noiserfimtsned out

to cost a lot more power than the settling specs cost (that is, Phasett a larger power

increase than Phase A to B).

Following the steps outlined in the handout, | first calculated the requinglifiar noise in order

to meet the DR spec:

2
S € 2/
maxsignal™ 2
DR
=8 P =P 1010
DR:=8: noise-~ "maxsignat

VhoiseRMS=+/ Pnoise

P

maxsignaf 1125V

P =7.008 10°V°

noise

_ -6
VioiseRMs= 84-251 10°V

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

o staget= 1 KT 1 , Imm1aCetot
- b Cetot b>Ymm1A Imm2ACLtot
ImM2A
Vn_stage2™= ul gx :
- Cltot b>Ymm1A
ImM2A

Adding noise from both halves of the diff ckt:

111.0724 10°Vv

\Vn_stagel™

33.448 10°V

\ Vn_stage2™

- 6
\/ 2>(Vn_stage1+ Vn_stage:) =164.05 10 V

These numbers turned out to be WAY off, so | modified the equations to add indbdrom
active loads. This was an easy modification to make because the atlditiseasources are
added in parallel with the existing ones (from the noiseless load case), keagy &now the

transfer function of Vo/lnoise for these sources:

KTy 9mm4c 1
Vn_stagel™ x 1+ %
b>Cetot Imm1A " ImM1A
Imm2A
y L N Imm3C 1
n_stage2—
-stad CL ImM2A b9mm1a
ImmMm2A

169.843 10°V

JVn_stagel™

Adding noise from both halves of the diff ckt:

Imm1ACetot
Imm2ACLtot

x1+b

Fn_stagez= 66188 10°Vv

- 6
J2\Vn_stagel* Vn_staged = 257.788 10"V



These numbers turned out to be very accurate. The simulated result turteebdeoabout
250uV, meaning the agreement is excellent. It is a little surprising thiaatigecalculation is a
little pessimistic, since we have actually neglected some noiseesdiguch as cascodes), but |
am happy with this equation as a predictor of noise, so | will proceed with it

Next, following the handout, | multiplied the design by a factor k (=9 for nopit)r As
expected, the noise fell right in line with the desired spec, but the pasemuch greater (well,
it was almost exactly 9 times greater than my Phase B design).uiiiiéd but to be 180mW.
But the noise and settling specs were both easily met. Additionally, usiagubgons above, |
performed a hand calculation of the expected noise, and again the handioalewdatspot on
(<5% error again). So this give me slightly more confidence in theé ¢alculation method.

Step 5 was of course, much more challenging. | modified my MathCAD scriptudéribe

noise equations (the entire script is stapled to the back afstappendix B,” but it's just an FYI
section, not intended for grading...just to let you know I'm not making thisug). | then
performed another hand-optimization, just like | did at the beginning of phasstAvith more
equations now). | put this all into spice and, of course, the specs were not naly &«m

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 | @weneduggled
some values slightly in order to get a decent circuit that meetseapecs and used 110 mW.

With a slight tweak, the total power ended up being about 105mW and all specs weletine
were a real design, | would have probably stopped here. It is a conservaigretdan doesn’t
rely on the planets and stars lining up and stuff like that in ordertt®. sBut, just for fun, |
decided to continue and see if | could lower the power even more.

At this point, the real Spice madness begins. Due to time constraints@aed ke this, you
sometimes don't get a chance to investigate hand calculations utatgims to the degree that
you would like. However, even when you aren’t able to resolve all the differghesequations
that you derive still allow useful insight. In my case, increasing Chaysvowers noise.
Increasing Cc lowers noise also, but not as directly as CL does.fdrbetadecided to juggle Cc
and CL until | optimized for lowest noise, while still meeting the settlpegs Increasing CL
lowers Phase Margin, so you have to increase Cc to compensate, which lowerislthansiut |
found that you can still meet the settling specs even at lower bandifigitistune the phase
margin just right. Of course, this is dangerous. At NI | designed nedthing circuits over the
years (actually those were all limited by Dielectric Absorption, nagproximately-linear
equations regarding BW and PM). But relying on specific tuning for some wujust clear the
limits always means low yields. But like | said, this is just futhiatpoint. So | tuned the circuit
to settle with lower BW, which of course lowered the noise quite a bit. | tleehtlns scaling
factor (in the other direction) to increase the noise back up to 84uV. Usnglas able to
achieve all the specs, using just 85mW.



Phase B design noise performance.
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Phase C, Final Design

Output Noise PSD Sqgrt(Noise)=82.76uV
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Conclusion

First, let me critique my own design flow. While I'm not trying to give yantigation to lower
my grade, | will say that I'm not happy with the cleanness of my design fldwink this owes
most largely to the time crunch involved. If we had more time then we could dieiajble of
resolving the differences between the hand calculations and the simuldtiensrucial to have
a nice feedback system where you can incorporate these discrepankiesdidoe model so that
everything (hand calculations and simulations) converge reasonakhlyQvethis project, | felt
more like there were two phases: hand calculation and simulations, as ogploseidd better
continuity between these two. | do not mean that | have done a terrible job eithiethéna i
were one area where | would like to make improvement, that is it. Sucltiemtsf is most
noticeable when you are given a new constraint (such as noise). If you havegdeaigjab in
Phase B of resolving your discrepancies, then adding one more constraint doekengbu 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 | improve my design flow? First of all, | noticed thadry time | went
from hand calculations to spice, the BW was always too low and the Pldiwaeags too high.
Obviously, this is because of the estimations we make between Cgg’s andhdrsigh. If | had
the time, | would derive a new set of equations that, primarily, do a better ¢sitirogting
junction capacitances (most of the other relationships are KCldjssare more exact). |
would also like to work in a few more effects that seem to be signifioantdominant 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 signds#tage. The
primary reason for this being that humans are poor optimizers. Optimizdtinoasarly (in the
“hand calculations” phase) can be computer-aided and can be quite good. Gptsidane
late in the design (in the “spice phase”) are educated guesses amhot afersork. Currently, |
am not happy with how close | can with hand calculations. | need to find a comfpaatile
somewhere between what | 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 ijaed of the
signal chain. I'm making the amplifier before mine drive 24pF while telliegamplifier after
mine that it can only make me drive 1pF. Given the project constraintsn’k weivated to
increase CL because increasing Cf does the same thing (increasirty Rlttalso improves
beta. Perhaps a good constraint would be to force your amplifier to be able tpodir own
amplifier. Maybe next year.

Back to the design at hand, I'm adding an extra column called “Phase C no gitrtimitkaeets
all the Phase A, B and C specs simultaneously. This circuit is mord balmasise its settling is
less sensitive to PM and BW fluctuations. The Phase C Final circeis it required Phase B
and C specs, but may not really be seaworthy. In any case, the power cost of éoi nois
apparent. The noise constraint dominates everything.

Phase A Phase B Phase C no gimmigks Phase C final

15.8mW 19.7mw 105mw 86mw

Percent increase 25% 433% (comp B) 336% (comp B)




