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Bandwidth Estimation

A lot of amplifiers that we design are wide bandwidth amplifiers
—> they show gain over a wide frequency range

- afew octave sometimes a few decade

gain at medium frequency

voltage gain s

0.707 /

A
\ 4
—h

BW

The Ist question is how to estimate the bandwidth
1. from measurement ——>» [ frequency measurement

. time domain measurement
2. from hand calculation

~

of course we can do spice simulation
(in our case spectre) and find the
predicted performance but that does
not give us insight into the design

—> So we are looking into a better way of understanding limits of our design
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Measurement of bandwidth

Take a network analyzer and measure S-parameters

plot S, art frequency

S,, (dB)
3dBt /A -
/ B \
often network analyzer do not frequency
work at very low frequency so «—

we may not see low-frequency
roll-off regime

from S-parm > calculate h-parm > calculate voltage gain

o 4 N
0.707 AVmid——/< — >\
frequency
4—‘

Question: Can we measure bandwidth with an oscilloscope ? = time domain measurement

The answer is yes you can but how?

from tome domain, measure rise time to a step input

input Amp

e l 10% )

tr: rise time >  time it take for the signal to go from 10% to 90% of its final value

- 90%

of course this definition is completely arbitrary
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Another rise time definition (Elmore rise time)

Apply impulse I

N
mp ‘ X 50%
5 o e TR i
t t
look at the impulse response W

max impulse response

time duration that impulse response is greater than 50% of its maximum value

\\> this is called Elmore time delay

Take a simple RC network

o
o O
L
T C
 is5e10%90% V., =
V()ltl = 1_ eXp(_%eC)
Voutﬁnal = 1 th% = RC ln(OI)

0.9
—>  Lic10%o90% = Loovs — Lo = RC]H(EJ =2.2RC

Liser0%—00 = 2-2RC
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Via R
o AN o V

v, =05t)

m

now calculate Elmore rise time

S approximation
rise time
H(f)=—
1+ j272RCS
) 2
d_H: —]27TRC2 N dH —_j2RC > dH| — 4R
df |1 + ]27Z'RC| df £=0 df £=0
2y 2 2
d 1 2(27RC) N d_1:1 _ 2(aRCY
df* 1+ j27RCS| daf= |,
2 4 2 2 2
b =3 (2(2;ch) —(27RC) ): (2RC)
\:M)
tie =2RC <«—— Elmore rise time
* one more thing: Elmore rise time for cascaded system

use approximation formula

1 dH H,| 2
o HOH0) ar |,

= |t =t +1e —>» applies for Elmore rise times

riS€y a1 risel
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How about delay time

T . 1 dH(f)

Sz O

1=0

< > AT =t,,
AT ‘

T, : Elmore delay time

A
\ 4

for the case of cascaded systems

1 d
T, =— —HH
2 (0) L (0)df T

1 d
= {Hl (07}12

B J27H, (O)Hz (O) £=0 df
= T =Tp +1p,

* Overall Delay of Cascaded System is the sum of the individual delays
T,=%T,

* Overall Rise time of Cascaded System is the root-sum-squared of the individual rise times

2
T;’isetatal -\ z T;'ise
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Now that we have measured the rise time
how does it relate to Bandwidth

example RC low pass network

V /\/\I}\l V I/()ut 1
- _‘_ out =
L ¢ V., 1+ j274RC
out | 1 | 1
21 =0.707 = - =%
[1+/27RC x BW | "
—> B W73dB : triselo%_,go% = 22

) 10% error
BW -t =2

So if we measure the rise time we can estimate the bandwidth
—> but this calculation was just done for 1-pole RC network

what if we have a more complex system

Take a 2-pole system

¢ —» damping factor

2-pole transfer function

1 small &
H (S ) = W undampped
a)inz + o +1 step response .
I T
large & ;
over damped 90
10
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Bandwidth

1
o, =w,,[1—2§2+,/2—4§2+4§4v ——> 3dBBW

Output response to step input

Vo(t)=1- ;e’f‘”“’ X sin(wll -Elw,t+ ¢)

1-¢&°2
¢ = tanll—“l_é2 ]
4
& =0 (zero damping) _—> ‘/UU\/\/\

1.02

t

rise

= L[sin'l 0.9 —sin O.l]z
w

n n

om0, 1 +42)F = 1550,

vy

= t,ow,=16 — 37% error

rise

still not bad

L

¢ (well damped system)
V2

2.14
trise -

@ —> w,t,,=2.14 < 3% error
0 = ™ pretty good

! ! estimation

in genetal

2< BW xt <2.2

rise

as long as the step response is monotonic >  not oscillating
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from t. -BW =22

rise

2 2
trisemm, - \/trisel + trisez +...

we can calculate BW of cascaded systems

Assume identical amplifiers are cascaded with identical BW=BW1

BW,

JIN

S # of amplifier stages

= total bandwidth =

Looking ahead

more exact analysis (we will see later)

BW - NIn2BW _ 0.833BW

total — \/ﬁ \/N

Method of Open Circuit Time constant (we will see in a moment)

Bw —s  Pesimistic estimate

N this method is good when one pole
in the transfer function dominates

BW

total ~

now how do you actually do rise time measurement using an oscilloscope to estimate BW?
* you need to know the rise time of input signal (step input almost)
* rise time of oscilloscope

- then measure rise time (10% 2> 90%)
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Actual rise time of your circuit

_ 2 2 2
T1S€4cmal rise measured rise oscilloscepe rise input

)

according to Elmore rise time for cascaded systems that we just calculated

example —» ¢, =10nsec

triseckt =N 100 _9 - 25

65MHZ —> trise oscope = 5 nsec

0Sscope

=4/64 =8nsec

trise input = 3 nsec

2.2
BW,, = =44 MHz
2xmrx8nsec

you can even use a 25 MHz oscope to measure the rise time of a 44 MHz bandwidth amplifier

—> in this case

t ~14nsec

rise oscope

=3 nsec .. =3nsec

rise input

- ~16.2nsec
would be

t

rise measured

now that we know how to measure / then estimate the bandwidth,

let’s see if we can predict the bandwidth
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Method of Open Circuit Time constants (OCT)

* applied to determine high frequency bandwidth

0.707 ———————___l:\

BW
* results in error if we have resonance ckt (narrow band Amps)

* underestimates the bandwidth if we have several dominant poles in the transfer function

B B
( BW s = i instead of  BW, _Bw
N

total \/ﬁ J

* underestimates the bandwidth if we have zero in the transfer function (peaking of gain)

* underestimates the bandwidth if we have complex pole i BW SN

\» actual BW is increased by gain peaking

(adding zero to transfer function but
this method cannot detect it)

So this method is always pessimistic but becomes accurate
when we have one dominant pole

Advantage of this method is that it gives a very good

insight of what limits the bandwidth Z}
so you can fix you design before you even

start doing blind CAD simulation
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OCT method

consider all-pole transfer function

Vo (S) o)

V. (s) (TIS + 1)(2'2s + 1)(r3s + 1), ...(TnS + 1)

multiplying out\the denominator

n n—1
bs"+b, s +...+bs+1

do the following approximation

VO(S)z 49 _ a
Vi(s) bs+1 (r,+7,+...+7,)s+1

in this case the estimated bandwidth would be
B 1

1
®, ®—
b T, 4+r,+...+7,

tofind 7, , ... 7, youneed to calculate the transfer function which is
impossible for a complex amplifier design
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you can prove that the sum of these time constants is equal to the sum of R,,C,;

when you consider one capacitance at a time and open-circuit the rest of them

so how this method works?

1. find the amplified equivalent ckt of your amplifier

2. get rid of capacitors that are not gain limiting at higher frequency
(often coupling capacitors or caps || degenerate resistors)

\—r bypass caps

3. for each capacitor calculate the effective resistance facing the capacitor
while the rest of caps are open ckts (non-existent) R,

1
- Rl()Cl +R20C2 +“.Rnacn

4. calculate ,

— if you have inductors you can use L/R as the time constant

- not always accurate

note you need to short ckt inductors

when you want to remove them from your calculation
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how accurate is this method when you have a dominant complex pole instead of a real pole

1
H(s)=———
( ) st 2&s
—+—+1
, w,
gives @
OCT —> ®, =—=
you 25

1
actual BW ®, =0, [1_2652 +42-4E7 +4654]/2

the accuracy depends on & very wrong estimate for

undampped transfer function
-0 oCcT Bw 1T
¢ ] .

actual BW=1550,

£=0.35 OCT w,=1l40, exactly

the same
actual BW — w,=l40,

£>035 — pessimistic results

so for good damped complex pole we get good/pessimistic estimates
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you can apply the same concept for estimating low frequency bandwidth (a)L)

/

a)L3dB

in this case we use the method of Short Ckt Time constants (SCT)

— > similar to OCT you can look at
derivation in the book  final results is

for SCT W, = ! + 1 NI /

¢ R,C,

s s

so to measure Ris which is facing Ci

short ckt all other capacitance, then calculate Ris

in this case you also need to simplify your equivalent ckt before you do the analysis

\» remove all of the internal caps of transistors
as they are open ckt at very low frequency analysis

\ so only consider bypass, coupling caps

let’s look at some examples
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A simplified MOS model :

___» feed back capacitance

< ed (usually important because of miller effect)
L
[

gs _l_ 8gs 8Em Vgs 7,
_ , \
represent the l

output resistance

=
A

0

1

loss in gate

access path gate-source
capacitance transconductance

let’ s look at a simple ckt such as the following

Voo 1
a)h =
T T, 4

open ckt time constants
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eq resistance for Cgs : - open ckt Ced
R, R,
<R @&r. 2R,
R,=R +R,
eq ckt for Ced : R, +R +R,+g,R (R, +R,)
R, Rg < ¢
AV AV é O O
+
o _Vgs gm Vgs RL ro
KVL
KCL g Vtest = ]test (Rs + Rg ) + (Itest + nggs)RL 7"0
I/gs = ]test (Rs + Rg)
I/test = [test (Rv + Rg) + [test (1 + gm (Rv + Rg )) RL r()

Ves
R, ,=—*"=R +R,+R,

o0 gd

r,+(R,

7)., (R, +R,)

test
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Cascode design

bias > V

Jor C: i=0

Viest = liest (Rs + Rgl )+ (itest + glegl )L

test
m2

V=i (R +R,)

gl 7 Ytest

v 1
‘test — Rs +Rgl +_+@(RS +Rgl): Rugdl
Liost Em2 Em
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