
A Simple Feedforward Ampli�er Topology6.331 Lab 1Piotr MitrosFebruary 22, 20021 MotivationThe United States Patent OÆ
e tells us that negative feedba
k is \another one of thoseperpetual-motion follies." As su
h, we 
hose to design our 
ir
uit around a pure feed-forwarddesign.2 OverviewOur basi
 design was:
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IlimHere, the input transistors Q1 and Q2 have a 
urrent linearly proportional to Vin by afa
tor of Ri (in addition to a 
onstant bias 
urrent). We use a pair of 
urrent mirrors (Q31



through Q6) to subtra
t the 
urrents and run them through RG. The bias 
urrents 
an
el,whereas the signal 
urrents add, giving a gain of 2RGRi . We bu�er this onto the output node.3 Cir
uit Detail3.1 Input StageThe 
ir
uit 
ontains only one high-impedan
e node: VINT , whi
h sets the dominant pole. Itsfrequen
y depends on parasiti
 
apa
itan
es times RG.Sin
e our gain is set by RGRi , but our bandwidth is only dependent on RG, we 
an theo-reti
ally set the two independently. Pra
ti
ally, we run into thermal limits on Q1/Q2.To partially over
ome this, we repla
ed the Ris with a parallel 
ombination of resistor toground and resistor to rail. This forms a Thevenin equivalent 
ir
uit with a low resistan
eRi;thev, but maintains a 
omparatively low 
urrent be
ause of the redu
ed VTHEV a
ross it.We 
annot redu
e VTHEV too far, as Q1 and Q2 would fall into saturation (and we wouldsee some distortion a ways before that). Sin
e Vin = �1V , we have Ve = �1:6V . To be
onservative, we set VTHEV = �3V . Q1 has a maximum thermal dissipation of 625mW .With 15V a
ross it, and a bit of a safety margin, this gives a maximum 
urrent of about30mA. RTHEV has a maximum voltage of 3:6V a
ross it, so we pi
k RTHEV = 120.We redu
ed the 
apa
itan
e on VINT by 
as
oding Q4 and Q6 with Q7 and Q8, redu
ingMiller e�e
ts in the mirror. We redu
ed the e�e
ts of Q9 and Q10 by using 2N3904 and2N3906 devi
es instead of the 2N2905/2N2219 of the rest of our output stage (whi
h wouldhave given better mat
hing), and over
ompensated by using 10
 emitter resistors on thepush-pull pair.The Rms limit our headroom (in addition to the VDSAT drop a
ross the 
as
odes). How-ever, if we redu
e Rm too far, we would begin have problems with transistor mismat
h. We
hose values for Rm and V
as
 that gave the headroom in the spe
i�
ation, but no more.Both of these values 
ould be tweaked further to give more headroom if desired.We 
ould boost the gain further by having a 
urrent gain in the mirror, although wewould need to be 
areful to keep power 
onsumption reasonable.3.2 Bandwidth ExtensionAs des
ribed so far, the design basi
ally worked, but only a
hieved a bandwidth of 7:3MHz.In order to extend this slightly, we added a zero to 
an
el out the dominant pole. We pla
eda 200pF of bypass 
apa
itan
e a
ross Ri to give us a little extra boost at high frequen
ies.This rang a little bit, so to damp it out, we added a 20
 resistor in series.This extended our bandwidth to at least 30MHz. We were not able to measure the exa
tbandwidth due to equipment limitations.Note that, given the right impeden
e, we 
an
el out the dominant pole exa
tly. Our gainis (RGjjZG;parasiti
)=(Ri;topjjRi;bottomjjZsu). It is trivial to see that if we make Zsu exa
tly onetenth of ZG;parasiti
, the poles and zeros 
an
el exa
tly.Given appropriate test equipment, we 
ould have extended bandwidth further by playingthe same tri
k on Q4=Q6 to 
an
el out the next several poles. With indu
tors, we 
ould also2



potentially inje
t zeros on Q3=Q5. Again, we did not do this, as we had no way of measuringroll-o� frequen
ies beyond the range of the signal generator.3.3 Output StageThe output stage uses a standard diamond topology. We 
hose to implement 
urrent limitingby pla
ing a 
urrent sour
e in series with Q11 and Q12, rather than the more 
ommontransistor a
ross Re to pull o� base 
urrent. This had the advantage that, at large 
urrents,Rlim would take a bit of voltage o� of the output transistor.Perhaps more importantly, this gives a big advantage in terms of 
onstru
tion. In theinitial version of the 
ir
uit (before using the Thevenin forRi), every reasonable path betweenthe power rails had either a limiting resistor or 
urrent sour
e in the way. This made it verydiÆ
ult to a
tually smoke any 
omponents. Over the 
ourse of the entire proje
t, the only
omponents smoked were:� Several devi
es in a series of experiments to determine the feasibility of the design,prior to designing the 
ir
uit (looking for things like the distortion on an output stage,et
).� One fairly late experiment, to determine how the 2N2219/2N2209 parasiti
 
apa
itan
e
ompared to that of the 2N3904/2N3906. Here, we knew we were going over the thermallimit, and expe
ted to smoke the part beforehand (but 
olle
t some useful data in thepro
ess)This had the disadvantage of using a pair of the expensive output devi
es for ea
h sideof the push-pull pair, rather than just one devi
e. We 
ould �x this by using removing Q13and Q14 and just relying on Rlim � 45
. Rlim and Rout would form a pra
ti
al 
urrent limitof 15VRlim+Rout . At the same time, as we approa
hed this limit, they would give enough of avoltage drop that Q11 and Q12 ought to be able to withstand shorts to ground.3.4 StabilityFor stability reasons, we added 20
 resistors on the bases of most transistors. To �x a large260MHz os
illation in the output stage, we added modest 
olle
tor resistors to Q9 and Q10.3.5 O�setThis topology lends itself to a fair amount of DC o�set, sin
e any VBE mismat
hes in Q1and Q2 are ampli�ed by a fa
tor of 10. Fortunately, we 
an manually �ne tune the Ris toeliminate any mismat
h should this be an issue, with no impa
t on performan
e. In this
ase, we had no o�set spe
, so we let them be.4 Design HistoryOur initial design 
onsisted of two passive 
omponents, and fully met spe
s:3



50Ω

1:10Our next design was op-amp based, just to have a guaranteed working 
ir
uit. We thenlinearized our output stage to meet the distortion spe
, and tried to develop a 
ommon-emitter gain stage for it. However, we found that we 
ould not get the headroom desiredwith a simple 
ommon-emitter, so we mirrored the output. For elegan
e, easy biasing and afree 2� boost in gain, we 
hose to make this fully di�erential. At this point, it would makesense to go ba
k to a single-ended design, as we have plenty of bandwidth, but it would saveus three transistors.5 Cir
uit DetailThe �nal 
ir
uit was:
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With 
omponent values:Ri = 270
 + 330
 (two resistors to split power dissipation)Rig = 150
Rm = 47
RG = 680
Rlim = 39
 (power resistor)Ro = 18
 + 18
 (two resistors to split power dissipation)Re = 10
 4



R
1 = 3k
R
2 = 12k
Rl1 = 100
Rl2 = 100
 + 120
 (two resistors for power; not stri
tly ne
essary, but 
onvenient not tohave to worry about iout=�)Csu = 100pF + 100pF (120pF gap in available values)Rsu = 20
Rb = 1k
We built the 
ir
uit on the standard 6.331 protoboard. Ex
ept in pla
es where it 
learlydid not make sense (between some base-emitter jun
tions, near some power supply lines,et
.), every other rail was grounded. For good measure, we pla
ed 0:1�F 
aps intermittentlybetween the power rails for high-frequen
y bypassing. We did not need any low-frequen
ybypass 
aps.6 ResultsOur �nal results were:Small Signal Bandwidth Unable to measure; > 30MHzSlew rate 160V=�S up, 410V �S downGain 12 unloaded, 6 loadedOutput Swing 10:5VOvershoot to a 1V step < 100mVShorts to ground No problemDistortion Looked �ne at 10VPP , 1MHzThe design 
an be implemented at a reasonable 
ost. It uses 10 2N3904/2N3906 transis-tors and 4 2N2219/2N2095. Given all do
umented simpli�
ations, this 
an be brought downto 7/2.7 Future ImprovementsAs do
umented in the text, possible future improvements are:� Some gain in the 
urrent mirror.� More zeros to stret
h out our bandwidth slightly more.� Removal of Q7, Q13 and Q14 for 
ost savings.� Bypassing on referen
e voltages.� Tweaking Ri to eliminate o�set.� A 300MHz fun
tion generator for the lab5


