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1. Consider the PLL shown in the following figure.

e —
¢'in R v fout
ctrl
Phase VCO $out  SOOMHZ - ,
Detector c 100MHz/V
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a) Use an XOR gate as the phase detector (with VDD of 1.8 V). The PLL is a second-
order system. With the VCO transfer function shown in the figure, calculate the
open-loop transfer function and the closed-loop transfer function of the system
when the output frequency is 500MHz.

(Hint: Be careful on the difference between angular frequency and frequency.)

a. =2mf,p(t) = [ w(t)dt, fyue = 460M + 100M X Vi

Wout(s) Dout(s) K 1 Kvco
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b) What corner frequency of the loop filter should be used so that the damping
factor of the (second-order) system is 0.707?

wf

1
b. Wcorner = WLpF = R_C' H(S)Iclosed - 52+2Z(Dn5+00121

S7=21 1 — L
¢= 2 A RCx(200mM)x(1.8/) V2

= Weorner = 2 X (200mM) x (£) = 720M rad/s

= foormer = “’T = 114.59M Hz

¢) What is the phase margin in this case?

_ KppKvco _ KppKvco _  KppKvco 2 :
¢ H(S)|°pen " s2RC+s  —w2RCHjo w4R2C2+w2( w“RC — joo)

= [H(S)lopen| = % =1 @0dB - w = 327.67 rad/s

= 0 = tan"}(—wRC) = —24.47° = P.M. = (—90° + 0) — 180° = 65.53°

1
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d) When the loop is locked, what is the phase difference between the two inputs?
(Who leads whom by how many degrees?)

d s (q’out(s)

P (S) Iclosed) |s—o = 0 = means that steady-state error is zero
in

1.8 Vetr o
= hen ‘C,vctrl = 0.4V = Adpc = 40

Kpp =

=>» The output phase leads the input phase by 40° when the loop is lock.

e) From b) If the filter corner frequency had been 5 times lower than calculated in
previous question, what would have been the damping factor and the phase mar-
gin of the system?

e. (' =new damping factor = {/0.2 = \/%
(Déorner = 144M rad/S, 0’ = —34.93°= P.M.’ = 55.07°

f) From b) What are the damping factor and the phase margin of the system when
the output frequency is 505MHz? What is the phase difference between the two
inputs in this case? (Who leads whom by how many degrees?)

f.  When the output frequency becomes 505MHz, Kyco, Kpp, and the
transfer function aren’t changed. Therefore, the damping factor and the
phase margin of this system aren’t changed.

However, the phase between the two inputs becomes 45 degree, which
the output phase leads the input phase.
1.8 Verl 505M—460M

KPD = - = M,Var] = ~TooM = 045V > A(b,DC = 45°

2. Use HSpice to design a PLL according to the following description.

q’\n

Phase
Detector

In the simulations, set:
BUF .option accurate=1
\I = =  .option runlvl=6
* Use an XOR gate as the phase detector. Use the VCO from HW3.

* Design the R and C values so that the damping factor of the (second-order) sys-
tem is 0.707. Report the R and C value chosen.

* Put together the PLL. (You would need to first simulate each block to make
sure they functions correctly.) Feed the input with a sinusoid of 500MHz whose
common mode is 0.9 V and amplitude is also 0.9 V.

* You are allowed to add proper numbers of inverters (with proper size) after
the phase detector to drive the loop filter.
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* You may need to insert a buffer after the VCO to drive the phase detector. One
example schematic is shown. You will need to design the buffer so that the
buffer outputs are rail-to-rail with decent rise/fall time.

* Be careful with the initial conditions. You would need to set initial conditions

for some of the oscillation nodes and the capacitor in the loop filter. Be careful
with the phase of the input signal as well.

* Run transient simulations with long enough duration so that the loop reaches
steady state.

a) Report your schematic details (schematic and size), including any inverter or
buffer you insert. Explain your design considerations.
a.

® Overview

vout1

yout2

B R1 =5kQ, R2 =2k, Rlpf = 7kQ, and Clpf = 10fF
® Phase Detector (Xor)

" X E: & -
B } A D’L _.B
K=A+B+A'B B

B NAND size
€ NMOS: 6um/0.18um; PMOS: 8um/0.18um
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® Three Inverters

11>

inv1 inv2 inv3
W Purpose: [y | % PD BESwHEBN{ZAINY LPF A1 VCO
B SRV BT RS HUE inverter o (RIBTGELETHY Kyco
EE o f—{E inverter #EAE) - RHLEEEER —(# inverter -
® VCO
stage, stage, stags, stage, "
Voura T Vours T Voure T
i < AH] b <y e <7 | Dime <
2 S A i A A
Element Value
Stage NMOS (M11n, M12n) (50um/0.18pm)
Stage PMOS (M11p, M12p) (3.4pm/0.18um)
C 200 fF
Iss 500 pA
Gain of each stage 8.15 (18.5dB)
Frequency of -3dB Gain 300 MHz
Input Common-mode 1.4V
Output Common-mode 1.398 V
VCO frequency vs. Vctrl
8.00E+08
7.00E+08
I 6.00E+08
P
& 5.00E+08
5}
S 4.00E+08
o
‘= 3.00F+08
Q
£ 2.00E+08
@ 1.00E+08
o
0.00E+00
100Es08 © 02 0.4 0.6 0.8 1 12
Control Voltage (V)
B |t shows that the value of Kycq |designed is 950MHz/V
B Implementation:

2 stagel & stage3 Y PMOS control 55 7H 82 2 LPF {&21H @t
FEEEE] Vctrll ; stage2 & stage4 /Y PMOS control 5H5fEE 1 22—
0.4V NEBERR - AR B E A TR Kyeo ©



EE4280 HW4 105060012 EEFA

® Frequency divider
M

2

B Purpose: To lower the value of Kpp

1.8 R2 0.51
| Result: KPD =—X R1+R2 = —
TC TC

® For Low-pass-filter

B Weorner = é = 311M rad/s for damping factor = 0.707

=>» | set the resister and capacitor in low-pass filter are 7kQ and 10fF
respectively
®  For buffer stage (Bufn)

Vad

.

Vout—

—v—] —in—]

B Purpose: HFAEEH VCO B151Y output & fF 1.2~ 1.8V [HEZ -
PRIEEANEE buffer (515 vbuf &8 ELAE 0~ 1.8V [HlfE % » IFLEEA N-
type HY differential input single-ended output Y451 o
B Result: 1.2~ 1.8V [EHE %Y voutl 1 vout2 £&XH5 Bufn 5-£1Y output
“Vouf” & {f 0.27 ~ 1.6V [EIE%Z -
b) How long does it take for the loop to reach steady state? How do you measure
it?
b.

wivaatl)
evex

os
E )
voum) 15 ) N
‘2..4 \ / /‘ / , / I\ * [ \ I I\ f\ ,f\ (
8 \’, \
o ,-« A

."‘J/ \/ ‘/1 ‘\," I“" \ \ \”\7—{" vV \\f \\,“I}( \\ \/\/ \ \ \

i
WEseO Gm) O 1n

B |t shows that the settling time is 18.1ns
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c) Plot V., from t=0 to steady state. With the same scale in time, plot all 8 oscil-
lation waveforms into one figure (on the same row). Mark important data points
and explain.

C.
BB Custom WaveView Version K-2015.06 Synopsys, inc.  @ws18 - o X
Fie WaveView Panel Axes Tools Config Help
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B |t shows that the settling time is 18.1ns and the frequency in the
steady-state of all outputs in VCO are locked at 500MHz.

d) Plot the waveform of V., for 2 oscillation periods when the loop reaches the
steady state. Comment on the waveform.

d.

Custom WaveView Version K-201506 5 ne Qwsis - a x
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B |t shows that V. oscillates between 0.181V to 0.417V in the steady
state, and the average value of V; is 0.327V, which can make VCO
oscillate at 500MHz.

B The error between 0.327V and 0.4V, which | designed in VCO, is due to
the loading of the input of VCO increased.
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e) Plot all 8 oscillation waveforms into one figure (on the same row) for 2 periods
in steady state. How are the results different from VCO-only simulations and why’

Are all the oscillation amplitudes the same? Why or why not? Measure the phase
difference and explain why (or why not) all 8 phases are evenly separated.

e.

B Custom WaveView Version K-2015.06 Synopsys, Inc. - @ws38
File WaveView Panel Axes Tools Config Help

e+ @ de BTXT AR 8 rPOREY ™|l R D E M

Output View
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LB B e

All the oscillation amplitudes are the same because gain in each stage
are the same. However, the maximum value of the output in both
stage2 and stage4 are lower than in both stagel and stage3. This is
because the average control voltage of stage2 and stage4 are much
larger, which will increase Ry p.

Phase difference = At X f X 360° = 39.6°, which is close to ideal
phase difference 45°. This is because the RC time constant and the

oscillation frequency in each stage are the same.

f) What is the expected static phase error between the two oscillation signals
(from hand-calculation)?

f.

0.307

By measurement, Kpp = —— = 0.13, Kyco = —2—2 = 456.7M Hz/V

A =
dnc KppKvco 0.13x456.7M

0.751 Vl_VO

@1-0o _ 2m(478M-29532M) _ 19 33 = 27.7° (Vbuf leads Vin)
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g) Plot the waveforms for the oscillation node that goes into the buffer, and the
two inputs that go into the phase detector for 2 oscillation periods after the loop
reaches the steady state. Mark and measure the static phase error between 1)
the reference input and that oscillation node, and 2) the two inputs that go into
the phase detector. How are these two results different? Why? Which one corre-
sponds to the static phase error from hand-calculation?

g.

B Custom WaveView Version K-2015.06 Synopsys, Inc.  @ws38 -

File WaveView Panel Axes Tools Config Help
o+ @b BTIXS AR 8O RIEY Tl QDX Mo

RV | BOREE SMADLN Mas EXS L
o AR i N e A O
8 vvm) o[ 1.8 P S >
wivoutl) ER A n =5 -
vivout2) 16 N A \
A ;.
e T
12§ / \
1 / \
/
08 /
06
04/ X - X
02
.o >
@ tverl2) 1 1.8 (n)
@ itvdd)
@ itvin) 16
@ ivss)
@ vo) 14
@ vinvl)
© vin2) 12
@ vinv3)
© vinvd) 5
X d_out) -
© wivall) 08,
© vivari2)
© vivdd) 06
@ vivin)
® vivoul) 04
@ vivou2)
W vivss) 02
T T e T S e e ] S el
TR0 o 29 2200 221n 2220 223
Filter |Al '| waveview 1

For the phase error between the reference input and the oscillation
node (Vout1, Vout2)
€ Measurement:

Phase difference (Voutl) = At X f X 360° = 15.55°

Phase difference (Vout2) = At X f X 360° = 6.39°
For the phase error between two inputs that go into the phase
detector
€ Measurement:

Phase difference = At X f X 360° = 40.14°
The reason for the difference between the above two results is that
there is a phase shift after the processing of buffer stage; therefore,
the phase error between two inputs that go into the phase detector is
much larger than the other.
The signal after VCO stage processing is related to the static phase
error, which | calculated above.




