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1. Consider a common-source amplifier like the following

a. The small-signal voltage gain with Vi, = Vio is 1, Cox (W/L) (Vipo —
Vra) (To1[|RL).
b. Input-referred thermal noise voltage?
Svout = 4kTgm1(Ry[[re)? = Sy = 4kTgrh
c. Inputsignal V,, cos wt, what is the amplitudes of the fundamental and the
second harmonic at the output?
Vbp = Vour = 0.5p,Cox (W/L) (Vip — Vey)?Ry, = f(Vi)
f(Vin) = f(Vino) + ' (Vino) (Vin = Vino) + (1/2Df" (Vino) (Vin — Vino)? -
= f(Vino) + [1nCox (W/L) (Vino — Vrr)RL][Viy cos wt] +
[0.515 Cox (W/L)R][(Vy, cOs wt)?] + -+
cos? wt = 0.5(1 + cos 2wt)
= The amplitude of the fundamental harmonic is p, Cox (W/L)V,, RV
= The amplitude of the second harmonic is 0.25u,Cyx(W/L)R. V3
d. Keep the total power consumption the same. The relationship between the
harmonic distortion and the size of M1.

Keeping the power consumption same means that drain current remains

A Vm
the same. Ip = 0.5p,Cox(W/L)Vyy, XFDZ ~ 4(Vino—VrR)

= If we increase the width of M1, the overdrive voltage will be decreased,
then the ratio of harmonic distortion will be increased at the same time.

e. The relationship between the input-referred thermal noise voltage and the
size of M1.
Svout = 4KT(v/gmi + 1/RRE, Sy out = SvinA%, Ay = gm1RL,

Svin = 4KkT (L + ;) ,8m1 = UpCox(W/L)V,, = the input-referred

gm1  EhiRL
thermal noise voltage would decrease with increasing the width of M1.
f.  (Hspice) Vpp = 1.8V, Vi, pc = 0.9V, Voyepc = 0.9V,and Ipc = 1mA
+0: vdd = 1.8000 0O:vin = 900.0000m O:vout = 904.7484m

element 0:ml

model 0:n_18.1
region Saturati
id 1.0290m

VDD = 18V, Vin,DC == 09V, Vout]DC == 0904V, and IDC = 103mA
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g.  With minimum channel length (L = 0.18um), the overdrive voltage of M1
is 410mV, and the small-signal gain is -2.65.

h.  With dc analysis, the plot of the transfer function from V;,, to V,,; by
changing V;,, from OV to 1.8V is
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i.  Theinput voltage range that the small-signal voltage gain is within +/-10%
of that at the operating point is 274mV.
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j- The small-signal gain decreases at the lower and upper bounds of this
range because the gain at lower bound follows the equation that gain =
U, Cox (W/L)V, Ryut, Which means that the gain will be increase with
increasing the value of input voltage. However, when the input voltage
larger than the upper bound of this range, the drain current (Ip) increasing
leads to the voltage cross R, increase, and this would lower the voltage
between drain and source (Vpg). By the equation that gain =
Uy Cox (W/L)V,, (1 + AVps)Rut, the gain will be decreased
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when Vpg decrease. That is the reason why the small-signal gain decreases
at the lower and upper bounds of this range.

k. V,, =410mV (from 1g), A = g RV, Vup2 = 0.25g,, R V2 (from 1c),
Vi, = 25mV. The expected power ratio of the second harmonic to the

% 2
fundamental signal is (—m) =232x107*

4(Vino—VTH)
l.  (Hspice) Input signal is 0.025sin (2m X 1M X t)
900k l_H ™
Rvivoun) |8 dB20)
206b '/,/‘1~
-40db
A
/A X2MYS96u (BASE)
-60db .’J_ﬂ'
80db ’_,"’
L]
100db
120db
-140db E

herz{Hz) fog) 900k ™ ™

® The coefficient of harmonic distortion at 1Meg Hz is -22.7dB.
® The coefficient of harmonic distortion at 2Meg Hz is -84.5dB.

m. What is the simulated ratio between the power of the second harmonic to
that of the fundamental?

frequency frequency fft_mag fft_mag fft_phase
index (hz) (dB) (deg)
500 1.0000x -22.7301 73.0288m 89.9970
1000 2.0000x -84.4914 59.6255u 179.9834
1500 3.0000x -94.1120 19.6969u 89.9671
2000 4.0000x -126.9219 450.7173n -160.6407m

2 2
® Power ratio = (M) = (5962550)° _ ¢ 67 % 107
Ag (73.2088m)?2

n. How is this number compared to the prediction in question1)-k? What are

the possible reasons for this discrepancy?

® Hand-calculation: 2.32 x 1074, Simulation: 6.67 x 10~7

® Suppose that f(Vi,) = f(Viyo) + o4 cos wt + a, cos 2wt, ® = 1MHz
By hand-calculation, a; = 109.34m, a, = 5.885n

® The possible reason for this discrepancy is that we have the different
coefficient by hand-calculation and simulation. In addition, we only
consider the first two terms of the Taylor expansion, so the results

must be very different.
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0. Change the size of M1 from the width in question 1)-g to 30um with step
size of 2um, adjust Vi, cm accordingly so that the power consumption stays
constant. Repeat the previous simulations with a sinusoidal input amplitude
of 25mV at frequency of 1MHz. Plot the ratio between the power of the
second harmonic to that of the fundamental vs. transistor width.
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p. How is the result compared to that in question 1)-d? Explain the possible
reasons for this discrepancy and elaborate your arguments.
In question 1)-d, we need to keep the power consumption same, which
means that drain current remains the same. Therefore, we concluded that
the ratio of harmonic distortion would be increased with increasing the
transistor width in the condition that the power consumption stays
constant.
In this plot, we can find the same result compare to the conclusion made in
guestion 1)-d.

g. What is the simulated output noise voltage and input-referred noise (both
in terms of V2/Hz) voltage at low frequencies? What is the total output
noise voltage and total input-referred noise voltage (both in terms of V)

if a noise bandwidth of 1GHz is assumed?

¥*¥** total output noise voltage = 36.6238a sq v/hz
= 6.0518n v/rt hz
transfer function value:
v(vout)/vin = 2.6452
equivalent input nolise at vin
= 2.2878n /rt hz

® Output noise voltage = 36.6 X 10718 (V2 /Hz)
® Input-referred noise voltage = 5.23 x 10718 (V2 /Hz)
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® Total output noise voltage = /Vliout X 1G = 0.1913m V s

® Total input-referred noise voltage = |[VZ. X 1G = 72.32p Vys

n,in

r.  Change the size of M1 from the width in question 1)-g to 30um with step
size of 2um, adjust Vi, ¢m accordingly so that the power consumption stays
constant. Repeat the noise simulations and plot the total output noise
voltage and total input-referred noise voltage (both in terms of V) vs.
transistor width.
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s. How is the result compared to that in question 1)-e? Explain the possible

reasons for this discrepancy and elaborate your arguments.

1
Syin = 4KT (2= + =), g1 = tnCox(W/L)Voy = 2In/Vo, Sout = SyinA%

gm1 g?anL

® By the equation of S ;,, we can find that S ;,, decrease with
increasing the transistor width (since power consumption is constant
also means that drain current is constant). And the result of
simulation also meets this analysis.

® By the equation of S, 4, we can find that S, ¢ increase with
increasing the transistor width. And the result of simulation also
meets this analysis.

t.  Based on the results of the previous two question sets, what is the optimal
size for M1 that gives the minimum THD+N ratio? Notice that the noise

power should be calculated at output node in this case.

THD + N Yo, harmonic powers + noise power second harmonic powers + noise power
B fundamental power ~ fundamental power
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The optimal size of M1is (W/L) = (12um/0.18um).
2. Consider a common-source amplifier placed in a negative feedback loop like the

following.

oul

= A= —(R¢||R2)8m1(R2|IRL), B = —=1/R3,8m1 = UnCox(W/L)V,,

. R
% Loop gain (BA) = —X—guu, (R [IR,)
1 2
. _Vour _ A _ —(R1]IR2)gm1(R2|IRL)
= Closed-loop gain (R) == % = 77705 = T gma (RalIRy)

b. Input signal V,,, cos wt, what is the amplitudes of the fundamental and the
second harmonic at the output?

@ Vout_ Vourl _ 1 —(R1/|R2)8m1(Rz|IRL)

= R
Vin IN Ri Ry 1+RlTlR2gm1(R2||RL)
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For input-output characteristic, A = o E + a,E?, and y(t) =

acos wt + b cos 2wt(fundamental and second harmonic)

E(n
x(t) & E+a,E? = y(t)
[ p |
wt L

= E = x(t) — By(t) = (V,, — Ba) cos wt — b cos 2wt

= @w,:a= (0(1(Vm — a) — (xz(Vm — a)b) =~ C(l(Vm — a) ~ 1+a;13Vm

_ ay(Vyp—a)? AL
@(1)2 b= (0] b + 5 2[1(1+0(1B) 1

AVoue = —(Ry]IR2) (nCox (1) Vou) (Ra | IRL) (x(O) — By (D)) +
() (—Ral[R2) (1 Cox (1)) (R2 I IRL) (x(6) — By () )
= a; = —(Ry/IR2) (nCox (1) (Vin = Vri)) R |IR1)

@ = =3 (Ry|IR2) (1n Cox (1)) (Ro|IRL), B = — -

b _ aVm

AHDZ
= For (Vout IN) |V0ut In — g - 201 (1+ 04 B)2

1

2
1
O(1|Vout_vin - allvout—IN X R_l’a2|Vout_Vin - 0‘2|V0ut—1N X (R_1)

aVm 1

), AHDZ
ln 2(X1(1+(X18)2 Rl

= For (Vout |Vout Vln

c. Compare to the results in 1-c, how much improvement in linearity do we

get from the negative feedback structure? What is the cost for this linearity

improvement?

Not only fundamental harmonic distortion but also second harmonic
distortion are improved by the negative feedback structure.

For fundamental harmonic distortion, this term is pretty similar to
gain, such as Agcs = UpCox (W/L)Vo R Vi, = gaingsViy, and Appp =

1+an 5 Vin = gainggVy,. We can find that Ag ¢s is larger than Ag g due
1

to the gain difference.

For the amplitudes of the fundamental and the second harmonic at
the output, the feedback one is smaller than the CS one since the
dominator of the one in feedback in much larger than numerator

compared to that in CS.
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® However, the cost for this improvement is that the power dissipation
would be higher, and the closed-loop gain is lower than the origin.
d. With loop gain >>1and R, = 10R;, what is the small-signal closed-loop
gain of the amplifier?

.V \Y% 1 1 —(Rq||R R,||IR
= Closed-loop gain vout = Your 1 _ 1 ( 1|r|{1 2)8m1(Rz|IR) 10
Vin IN Ry Ry g TR 8mi(RzlIRL)

e. (P1Spice) \GDD = 1'8‘/'\GHJDC = 0.9\/’VBuL[K:== 0.9\/, IDC = 1rn}¥
Rz =:1(H{1,and>R1 +'R2 >'1(”RL

node =voltage node =voltage node =voltage
+0:vdd = 1.8000 0:vgl = 000.3275m O:vin = 900.0000m
+0:vout = 003.6023m 0:vss = 0.
subckt subckt
element 0:rl 0:r2 0:rl .
r value 870.0000  8.7000k 870.0000 elsmtlent g:mlla L
v drop 896.3977m  3.2749m 327.4856u MOOE 'n_le. 1l
current 1.0303m 376.4202n 376.4202n region Saturati
power 923.5963u 1.2327n 123.2722p id 1.0300m

Vbp = 1.8V, Vinpc = 0.9V, Vouepe = 0.903V,and Ipc = 1.03mA

f.  With minimum channel length, what are the size and the simulated
overdrive voltage of M1? What are the values of R1, R2?
With minimum channel length (L = 0.18um), the overdrive voltage of M1
is 409mV, the small-signal gain is -1.76, R; = 870(),and R, = 8.7kQ} .

g. What is the simulated small-signal voltage gain? How is this number
compared to that predicted in question 2-d? Explain the possible reasons
for this discrepancy and elaborate your arguments.

1 =(R4[|R2)8m1(Rz|IRL) _
R =
Ry 1+ﬁgm1(R2|IRL)

® For hand-calculation, closed-loop gain =

2.03 with gm = 3.56m (271), and the value of gm is given by the
simulation.

® The results of gain obtained by hand-calculation and simulation are
very similar, but the result is far from the result in 2-d because we
assume loop gain is much larger than 1 in 2-d.

® However, the loop gain in this circuit is 0.26. Therefore, this is the
reason for this discrepancy.

h. Based on the simulated small-signal voltage gain of the CS amplifier with
and without feedback (in question set 1), how much improvement in
linearity (in terms of the ratio of the power of the second harmonic to that
of the fundamental) would you expect if the same input signal is applied to

the two amplifiers?
w w
® ForCS, a; = UyCox (T) VovRe, 0 = 0.5p,Cox (f) R

L2y —_ Vm
207 ™ 4(Vino-Vr)’

Alp2 les =
A CS
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o2
=——V ,a, = 2V,,«x
A |FB 20(1(1+0(1[3)2R1 m’ 11 ov“2

2
: - . . 1
® The expected improvement in linearity of power is (m) .

B o = [(RilIR) (haCox (1) (Vin = V) (RoIRL] X - = 0.36

2

2
B The expected linear improvement is (m) =3.84x1077
1 1

Feed the amplifier with a sinusoidal input signal. Set the amplitude to
25mV and frequency to 1MHz. With transient simulations for at least 500
periods, perform dft on the output waveform over a time period when the
wave-form becomes steady (after at least 100 periods) and plot the result
with y-axis in dB20 scale. Place markers at 1MHz and 2MHz. Use “.option
accurate” in your simulation. Set time step to less than 1ns. Zoom in to [0 3]

MHz for x-axis and [-150 0] dB for y-axis.

L
Mvivout (dB20)

-20db
7 A XIMY488m (-26.2db)

-60db

100db
{
120db

140db
| ul ‘ |

™M

herz(Hz) (log) it

® The coefficient of harmonic distortion at 1IMeg Hz is -22.7dB.
® The coefficient of harmonic distortion at 2Meg Hz is -84.5dB.

What is the simulated ratio between the power of the second harmonic to

that of the fundamental?

frequency frequency fft_mag fft_mag fft_phase
index (hz) (dB) (deg)
500 1.0000x -26.2277 48.8221m 89.9927
1000 2.0000x -114.5711 1.8683u 179.9011
1500 3.0000x -105.4943 5.3123u 89.1865
2000 4.0000x -142 .6537 73.6738n -32.3263m

2 2
AHDZ) — _(1.8683u)7 1.464 x 10~°

® Power Ratio = ( =
Ag (48.8221m)?2
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k. How is this result compared to that in question 2)-b? How is this improve-
ment over a CS amplifier without feedback compared to that predicted in
guestion 2)-h? What are the possible reasons for this discrepancy?

® By hand-calculation (in power),

AHDZ 2 _ # 2 B o
" ( Afp |FB) - (2q1(1+a16)2R1 Vm) - 902 X 10

oy = = (RyIR2) (nCox () (Vin = Ver)) (RoIR,) = —3145.7

0 = =% (RylIR2) (nCox (7)) (R2|IRy) = 3845.6

1 1
B= 1= 505 Vm = 0.025

0 (A:l‘jz Ics)2 = (ﬁ)2 — 232 %10

B Linear improvement of power by hand-calculation is 3.89 x 10~

® By simulation (in power),

. AHp2 z -9
B With feedback: ( " IFB) =1.464 x 10
F

; AHD2 z -
B Without feedback: ( . |cs) =6.67 x 1077
F

B Linear improvement of power by simulation is 2.2 x 1073

® We can find that the results of linear improvement by hand-
calculation and simulation are totally difference. The result from
simulation is much better than hand-calculation.

® The reason | think is that we use some approximations to get the
hand-calculation result. Furthermore, in the simulation, | didn’t keep
drain current in ImV precisely, and this could lead to the error of the

equation.

10



