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Abstract

A fully differential frequency wnthesizer is realized applied to global positioning
system (GPS) receiversin thIStheSS. Thefrequency synthes zer must be able to restrain
the external noise, especially the=common mode n0|seser|ously affects the jitter perfor-
mance of the local oscillator (L O) ‘

The frequency synthesizer |sfabr|cated in aTSMC 0.35um BiCMOS 3P3M process.
We propose a fully differential frequency synthesizer which effectively prevents the fre-
guency drifting due to the common mode noise and reference spurs. The proposed novel
differential output charge pump presents a large output swing and improvesthe jitter per-
formance of the system. However, the smaller dynamic power dissipation in the novel
charge pump but larger layout area are shown. This charge pump could provide a high
output control swing as +2.3V consisting +1.5V linearity. The whole power dissipation
is 22mW, the peak-to-peak long-term jitter is 22.5ps and the chip areaincluding PADs is
1.008X1.008mm?>.

Keywor ds. Charge Pump, Differential Control, Common-Mode Noise
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Chapter 1

| ntroduction

Global positioning system applications are popularly used today. One of the key
components of the GPS receiver requires a local oscillator. The Phase-L ocked-L oop-
based (PLL-based) frequency synthesizer'isgenerally used for LO [14]. The frequency
synthesizer must generate a stable.output fre‘q‘uency‘signal quickly in order to receive the
correct signal from the satelliteswhile thé power is‘applied. The frequency synthesizer
normally includes five parts of devices: phase.and frequency detector (PFD), divider,
voltage controlled oscillator (VCO), charge prnp and loop filter. However, the control
voltage of the conventional single-ended MCQ usually suffers the critical various due to
noises and spurs which causes a large phase-various on the output signal of LO.

A fully differential frequency synthesizer is presented in this thesis. The char-
acteristics of differential form eliminate the common noise on the control voltage. It
effectively takes away the spur from the reference signal of the quartz crystal oscilla-
tor. A wide output swing charge pump is presented to reduce the gain of the VCO. The
fully differential frequency synthesizer exhibits a better jitter performance compared to
the single-ended control voltage form.

Chapter 2 reviews an overview and modeling of PLLs. The phase noises and
spurs sources and effects are discussed in this chapter. Chapter 3 demonstrates the design
theory, implementations and simulationsresults. The last chapter is the conclusion of the
fully differential frequency synthesizer.



Chapter 2

An Overview and Modeling of PLLs

Frequency synthesizer is an essential part of nearly all multi frequency wireless
transceivers. PLL-based frequency synthesizers are most frequently used aslocal oscilla-
torsin wireless receivers to down-converter thecarrier frequency to alower, intermediate
frequency. Sometimes, PLLs are also usedto perforrh frequency or phase modulation and
demodulation, clock recovery, jitter suppregsi‘bnﬂin communicati on, frequency synthesis,
skew suppression, edge detection, etc [1}=In‘this chepter, the operation of basic PLL
and its transfer function model ar‘é”demonstratéd, then different implementation methods
for frequency synthesizersincluding the'RPLL=based frequency synthesizers are discussed
and compared in terms of their phase noise, frequency locking speed, and manufacturing
cost. Some of the implementation methods which discussed in the next few sections are
currently in wide used.

2.1 Introduction of PLL

A mgjority of frequency synthesizersuseaPLL [2]. A PLL isafeedback system that
operates on the excess phase of periodic signals. Asshown in Figure 2.1, asimple PLL
consists of a phase detector (PD), alow-passfilter (LPF), and VCO.

Figure 2.2 shows the signals at various points of atypical PLL that has only a small
phase difference between the input and output signals. At first, the PD generates pulses
whose widths are equal to the time difference between zero crossings of the input and
output. Next, these pulses are low-pass filtered to produce the DC value that sustains the

2



==» PFD [—— LPF [—— vCO

Figure 2.1: A basic phase-locked loop

VCO oscillation at the required frequency.
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Figure 2.2: WaveformsinaPLL

In Figure 2.3, the overall response of the PLL that was in a locked status before
(t = to) but which enforced a small frequency shift asits input (¢t = ¢,) is shown. The
phase detector generates increasingly wider pulses because the input frequency is tem-
porarily faster than VCO output frequency. Each of these wider pulses creates an increas-
ingly higher DC voltage at the output of the LPF.
Then, the higher DC output voltage of LPF increases the VCO output frequency. Asthe
difference between the input and output frequencies is diminished by the negative feed-
back function, the width of the phase comparison pulses decreases. Eventually, the DC
output voltage of the L PF becomes slightly greater than its value before (¢ = ) [4].
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Figure 2.3: Response of a Pl ito a small frequency step

2.2 Modeling and Analysis.ofPL L

Although aPLL isnormally anon-linear device because of phase and frequency de-
tector (PFD), divider, and prescaler, it can be accurately analyzed using a linear device
model when the loop isin alocked status.

input phase 'l'merror phase output phase
>

»  G(s) >

feedback phase

H(s) |«

Figure 2.4: A single loop feedback control system

A basic linear feedback control system is shown in Figure 2.4. This control system
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model will be used to derive and analyze the transfer functions of a PLL. In this system
model, the closed-loop transfer function is given as a function of feed-forward gain, G(s),
and feedback gain, H(s), like G(s)/[1 + G(s)H(s)], where s is a complex frequency.
Another important feature of the system model is the steady-state error transfer function
1/[1 + G(s)H (s)][5], which indicates the remaining error after all transients have died
out.

If the system loop-bandwidth isless than 20 times the reference input frequency and
the systemisin alocked status, then thedigital PLL which consists of adivider with mod-
ulus N, a PFD with gain Kpp (V/rad), a LPF with transfer function F'(s), and a VCO
with gain Ky ¢co (rad/secV) can also be analyzed using a continuous single-loop feed-
back control system model. The small-signal block diagram of the ssmple digital PLL
where input signal with afrequency of f; and aphase6; isapplied isshown in Figure 2.5.
In thisfigure, the closed-loop transfer function can be given by

B(s) = 00(5) _ fO(S) . G(s) (2.1)

where
G(s) = KPDK‘;C()F (5) (2.2)
and
H(s) = - (23)
S) = N .
The steady-state error transfer function can be also given by
0e(s) 1
E(s) = 0;(s) 14 EroKvcoF() (24)

Ns

where 0, isthe phase error between input phase and feedback phase

Asshownin Figure 2.6, if asimple lag RC filter is used as a loop filter whose trans-
fer functionis F'(s) = 1/(1 + 7s) when 7 = RC, then the closed-loop transfer function
becomes
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Figure 2.5: Small signal block diagram of the PLL

_ NKppKyco
NTs2 + Ns + KPDKVCO

B(s)

(2.5)

Figure 2.6: A lag RC filter

The open-loop transfer function of this system has one pole at the origin and the
highest degree of this PLL system is two. So, this system is described as a type-one,
second-order system. The type-one, second-order system can be mapped to a standard
second-order control system form using standard parameter definitions. After the map-
ping, the equation (2.5) becomes

B(s) = ” (2.6)

s2 4+ 2Cwns + w2



where

KppKvco

= 2.7)

Wp =

and

1 N
=/ — 2.8
¢ 2V KppKvcoT (28)

In the proceeding equations, the natural frequency, w,,, provides the settling-time
measurement of the loop bandwidth, whereas the damping factor, ¢, gives information
about the degree of the loop stability.

The PLL using a smple lag RC filter (See Figure 2.6) has a disadvantage. From
eugation (2.7) and (2.8), w,, /¢ isfixed as 2K pp Ky co [6]. Thus, the natural frequency,
w,, and the damping factor, ¢ cannot beisélected independently. Therefore, aPLL design
using the simple lag RC loop filterwill be‘cp‘r‘lst(‘ai ned by a compromise between n and .
However, if aresistor is added irseries with thé capacitor like shown in Figure 2.7, then
the loop filter transfer function Fi(s) becomes . ‘

1+7'28‘ “
B ]_"—7'18

¢ (2.9)
WhereTl = (Rl + RQ)C and T = RyC
The presence of a zero located at s = —(1/72) in the loop filter changes the closed-
loop transfer function of the type-one, second-order PLL to
swn(2( — A=) + Nw?

B _ KppKvco 2.10
(5) 52 4 2Cwps + w2 (2.10)

where

KppKyco

2.11
NT1 ( )

Wp =



and

1 /|KppK N
c=1 ppKvco (1 + )
2 N7 KppKvco
o——AWW T o
R1 _::
R: %
C -1

Figure 2.7: A passive |ag-lead low-pass filter

(2.12)

In the above equations, the ceupling between the' parameters has been greatly relaxed

since the two flexible design variables 7 and ' determine loop parameters. However, the

type-one, second-order loop has afiniteDC gain that-produces a large, static phase error,

which increases the noise susceptibility of ithe system. Therefore, the finite, static phase

error isnot desirable.

If having a zero phase error in relations to step changes in the input frequency is

necessary, the DC gain of aloop filter must be infinite. The infinite gain can be accom-

plished by including a pole at the origin of F'(s). The pole at the origin can be obtained

by implementing an active loop filter using a large open-loop gain operational amplifier.

The transfer function of Figure 2.8 is given by

1+ 7
F(s) =—
(S> 27’1
with T = RlC, and Ty = RQC
The closed-loop transfer function is given by
_ Nwn(20s +wn)

B(s) =

$2 4+ 2Cwps + w2

(2.13)

(2.14)



where

KppKveco
= | 2EDVOo 2.15
v Nt (2.15)
and
¢ = _72‘2”” (2.16)

— VW
| R2 C
R

\ .
/
Figure 2.8: An active low-passfilter

The advantage of the active filter such as shown in Figure 2.8 over its passive coun-
terpart like alag RC filter or a passive lag-lead low-pass filter comes from the presence of
avery high DC gain amplifier, which allows anearly ideal integrationin the loop filter. A
filter with a pole at its origin helps to reduce the static phase error to avery small, resid-
ual value. Using an active filter, the static phase error of PLL can be reduced. However,
an operational amplifier in the loop filter produces a significant amount of noise power
within the PLL bandwidth. Therefore, the noise power contributes to the offset, whichin
turn causes unwanted sidebands in the output signal.

A simple way to achieve the same performance result as the active filter with a pole
asits origin without using the noisy, offset-susceptible active operational amplifier is use
a charge-pump circuit [7]. When compared with the previously discussed PLLSs, the



charge-pump PLL offers two important advantages in addition to reducing static phase
error. First, the capture range of a charge-pump PLL is only limited by the VCO out-
put frequency range. Second, the static phase error is zero if mismatches and offsets of
charge-pump are negligible[8].

Q

f.

VCO

¥

PFD

f.

¥

Secand-order lgap filter

Divider (1/N)

A

Fi guré 2.9: A charge-pump PLL

Asin Figure 2.9, the charge-pump PLL-incl udes a PFD, acharge pump, a L PF that
composed of severa capacitors and resistors, a VCO and a variable frequency divider.
The signals from the PFD, Up and Dn, are used to control the charge-pump circuit. The
purpose of the charge-pump circuit is to charge the VCO control voltage by applying
positive or negative charges to the low-pass filter. The electric current magnitude of the
charge-pump PLL isanimportant factor in the overall loop behavior because it determines
the transfer function of the charge-pump circuit that is given by

_ (2.17)

where
I,4(s) = the Laplace transform of the average current over acycle
I,, = the pump current
0.(s) = isthe Laplace transform of the phase difference at the PFD output
As shown in Figure 2.9, a simple, second-order passive low-pass filter is composed

10



of aresistor, R and two capacitors, C' and C;. Thetransfer function of thisfilter isgiven by

1+ sRC 1+ sm
F(s) = = 2.18
(8) S2R001 +S(O+C1) S(C+Ol(1 +37_1)) ( )

where 7, = Ccfél, and , = RC.

Then, the closed-loop transfer function isfound to be

KppKyco(EE2)

C+Cy
B(S) - $3 4 (L)SQ 4 ( KppKvcoT ) (2'19)
71 N(C+C1)s+(RFRISO)
And open-loop transfer function G(s)H (s) is
KppK 1
Gs)H(s) = (SFDRVOOy( 1 T 572 (2.20)

N(C + 01))(82(1 + 371))

According to the definition of tybe andj order, this type is two, third-order PLL sys-
tem. In thissystem, the pole creat‘e‘d by cap‘abi;tor ' tth is needed to suppress the control
voltage ripple coming from the resistor “co‘nhe‘cted In asseries must be lower than the ref-
erence input frequency in order to atenuate-the Spurs. But the pole must also be higher
than the loop bandwidth; otherwise, theloop.will become unstable [9].

The equation (2.19) can be approximated by a second-order expression to derive out-
comes that give an intuitive feel of the transient response. The higher order terms are
assumed to be small relative to the lower order terms. The simplified second order ex-
pression is given by

R (1+ sNCR)

B(s) = (2.22)
52 4 s(Brpirealic)
Therefore, natural frequency and damping factor are given by
KppKvco
= 2.22
“ N(C+ Cy) (222)

11



and

¢ = (—")wn (2.23)

S0, the poles are located at

—Cwy, £ jwu/1 —(? (2.24)

In the equation (2.21), the first term in the numerator has primary effects on time
frequency response and the second expression has secondary effects because of the zero.

The time frequency response can be obtained using inverse Laplace transformation
asin the equation (2.25) wherethe PLL isinitially locked at frequency f; and its oscilla-
tion output frequency jumpsto f, when the counter’s modulus value is changed from N
toN’.

F(t)=fo+ (fi— fz)e’CW"t(coékwn\/ 1 4—(%)4— %sin(wn 1— (%)) (2.25)

Since the expression in the large bracket:has amaxi mum value of

1 — 2RCCW, + R2C?w?

/i

Thelock timeisgiven by

n((Ae (e Y )

f27f1 172RC(wn+RQCQw% (2.26)

Cwrn

Lock Time =

Where tol = tolerance of lock-time measurements
And the equation (2.26) can be approximated by

(19 /T= )

Cwn

Lock Time =

(2.27)

Figure 2.10 showsthe classical second order model for the transient response derived
in the equation (2.26). The relationship between phase margin, damping factor, and natu-
ral frequency isshownin Table 2.1.

12



In general, theoretical and measured lock times has a difference that is caused by
V CO and charge pump non-linearity, V CO input capacitance, and bad capacitor dielectrics
that lead to longer lock time, discrete phase detector sampling effects, charge pump mis-
match and leakage, board parasitic factor, and component |eakages.

The second order filter in charge-pump PLL has the least thermal noise compared to
other filter is appropriate. However, if the spur islarger than 10 timesthe loop bandwidth,
then a higher order filter isrequired [9].

Step Response
1.08 T T T T T T

T T T
—— Output Frequency
106 —— Reference Frequency |

1.04 .

1.02F .

~

-y

o

[s]

fs]
1

Amplitude

o

[a]

fag]
1

0.94 - .

082 .

Dg 1 1 1 1 1 1 1 1 1
0 2 4 B 8 10 12 14 16 18 20
Time

Figure 2.10: Classical modelsfor the transient response of aPPLL

The third order filter in charge pump PLL isshownin Figure 2.11.
The impedance of the third order filter is given by

F(s) = 1+ sRC
"~ 8(s2RRyCC1Cy + s(RC(Cy + Cy) + CyRy(C + Cy)) + (C + Cy + Cf)z)zs)
Then, the closed-loop transfer function isfound to be
14+ sRC
B(s) = ——— 2.2
()= o (2.29)

13



Phase Margin, ¢ Damping Factor, ¢ Natural Frequency w,,

30° 0.6580 0.7599w.
35° 0.6930 0.7215w,
40° 0.7322 0.6829w,
45° 0.7769 0.6436w.
50° 0.8288 0.6033w.
95° 0.8904 0.5615w,
60° 0.9659 0.5177w,
65° 1.0619 0.4709w.
70° 1.1907 0.4199w.

Table 2.1: Relationship between phase margin, damping factor, and natural frequency

¥
R Ra ™ f
PFD W, VCO »
> -
C:

F R
Cn !
® CiL ] L
Third-ardelr [hop filter
—lr

Divider (1/N)

I 3

Figure 2.11: A charge-pump PLL with third-order filter

where CL(S) = (ﬁlg/co)fgclRQCQSZl + ((7[?;(5;52)0)}3202
(N )R(Cy + C))s® + (MEEEG) 2+ ROs+1 With

the third order filter, the additional pole must be lower than the reference input frequency
to suppress the spurs effectively. However, the pole frequency has to be higher than the
loop bandwidth in order to resolve the PLL's stability problem.

14



Fourth and higher order filter are most practical when the offset frequency spurs to
be filtered is at least 20 times the loop bandwidth. However, the higher order filters are
often unrealistic because the required capacitor values becomes too small relative to the
V CO input capacitance and cause the filters to become unnecessarily complex.

Passive loop filters are generally preferred over active filter as alow-passfilter in a
charge-pump PLL because of their low cost, simplicity, and low in-band phase noise. An
additional in-band phase noise comes from the active device that is used in the loop filter.
However, under circumstances where the VCO requires a higher tuning voltage than the
PLL charge-pump can handle, active filters are used as a low-pass filter. In broadband
tuning applications such asthose required in cable TV tuners, VCOs commonly require a
high tuning voltage. A high tuning voltage is aso required for low-noise or high-power
VCOs. Many design concepts used in active loop filter charge-pump PLL are analogous
to those used in passive loop filter. However, atypical recommendation is to use at least
athird order filter to suppress the phasenoise coming from the active device.

Thefollowing two types of basi€ activefilters eXist: thefirst type usesthe differential
charge pump output and the othe¥ one uses fhé single charge pump output pin. In Figure
2.12, the charge pump active filter that uses@asimplegain block is shown as an example
of active filter that uses the single charge purmp output pin.

The particular architecture involves plaging an operational amplifier in front of the
VCO. In this architecture, a third or higher order filter should be used to reduce the op-
erational amplifier noise even though spurs are not reduced must as a result. The gain
block, -A, in Figure 2.12 is used to invert the charge pump output, which can be negated
by reversing the charge pump polarity. The gain block is also used to isolate input/output
signalsand to place alarger capacitor next to the VCO, thereby reducing the impact of the
VCO input capacitance and loop filter resistor noise. Sometimes, the architecture in Fig-
ure 2.13 is used to center the charge-pump output voltage at half the charge-pump supply
and to lower the spur level by predicting its patterns more accurately.

In general, an architecture that uses the differential charge-pump output is not rec-
ommended because it requires an operational amplifier and most PLLs do not have dif-
ferential output pins.
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2.3 Phase Noise and Spurious Response

A purity of synthesized output signal is the most important requirement in al wire-
less communication applications. ldeally, this means the frequency synthesizer output
should be a pure tone. However, in Figure 2.14, two different factors negatively affect the
signa purity at the RF output in a PLL-based frequency synthesizer. The first factor is
the phase noise associated with physical devicesin the PLL. The phase noise limits the
quality of the synthesized signal. The noisesin the reference, PFD, loop filter, VCO and
frequency divider all contribute in degrading the synthesized signal from an ideal puresin
wave. The other factor manifestsitself as relatively high-energy, spurious sidebands. The
sidebands have a systematic origin that makes them easier to handle than a fundamental,
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random noise [1, 4].

[Phase noise| Spurious tone
carrier

A AR T A

Pout dBc/Hz
A NS iy ) i
A f f

Figure 2.14: Phase noise and spursin the frequency domain

When an electric current with a fixed frecjuency getsinto the loop filter, the resulting
spurs become a design issue. The.spurs canibe grouped into different categories depend-
ing on their causes. UAT R

The most common type spur is the-reference spur that appears at multiples of the
comparison frequency. Usually, épurs are cauéed by either a leakage or a charge pump
mismatch. Depending on their cause, ‘reference spur may behave differently when the
comparison frequency or the loop filter is changed.

At lower comparison frequencies, a dominant cause of reference spur is a leakage
effect. When the PLL isin alocked status, the charge pump will generate short, alternat-
ing electric current pulses with long time intervals where the charge pump is tri-stated.
When the charge pump isin atri-state, it has to be high impedance. However, some para-
sitic leakage will exist through the charge pump, VCO, and |oop-filter capacitors. Among
these different leakage sources, the charge pump tendsto be the dominant one. The charge
pump leakage causes FM modulation on the VCO tuning line and produces spurs.

The older PLLs have a large amount of electric current leakage and such leakage
used to be the main reason for spurs. Nowadays, the electric current leakage inside PLLs
isquite small. Therefore, other factors dominate in creating spurs expect at low compar-
ison frequencies. The characteristics of spurs created by factors other than the electric
current leakage are determined by the charge-pump turn-on-time for short, alternative
pulses. Several factors affect the width of alternating pulses including charge pump mis-
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match, unequal transistor turn-on-time, dead-zone elimination circuitry, and inaccuracies
in the fractional calibration circuitry [10, 11].

The charge pump mismatch comes from the mismatching of its sink and source elec-
tric currents. If the mismatch isbig, then awider correction pulseis necessary and larger
spurs are generated. The unequal turn-on-time is caused by the mobility difference be-
tween P-type and N-type transistors. The elimination circuitry used to keep the PLL out
of the dead zone causes an additional gate delay at zero-phase error. All theses factors
make the width of the charge pump correction pulse wider and increase spurs.

To reduce spurs, a high-order loop filter can be utilized to suppress the reference
frequency spurs and a much smaller loop bandwidth than the reference frequency can be
used. The electric current leakage arising from the charge-pump circuit, loop filter, varac-
tor diodes and other components should be reduced in order to achieve low spurs signal.
Another method for reducing spursisto use a hlgher reference frequency adapted in the
fractional-N synthesistechnique.

Spursin afrequency synthesizer can be eval uated using the following analysis. Be-
cause spurs are caused by the PLL when a sgnal W|th an AC component exists in the
tuning line of the VCO, the V CO-tuning voltage.can be described as

Viune = VBATEV 40 (t) (2.30)

where
Viune = VCO tuning voltage
Vpe = DC component of tuning voltage in the VCO
Ve = AC component of tuning voltagein the VCO =V, sin(wy,t)
w,, = modulating frequency = comparison frequency
So, the VCO output is given by

V(t) = Acos(wot + Bsin(wnt)) (2.31)

where
wo = carrier frequency
(4 = modulated index
Finally, using the Fourier Series to determine the terms of Bessel function [4], the
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V CO output can be expressed as

V(t) = Acos(wot + Bsin(wnt)) (2.32)
=A Z I (B)cos(wot + mwp,t) (2.33)

From the equation (2.33), the sideband levels can be defined as Jy(5) ~ 1, J1(8) = (3/2,
and J,(3) ~ [3%/8

The phase noise can be analyzed using a linear, small-signal model of the PLL loop
that is shown in Figure 2.15.

Reference PFD Moise  LPF Noise FId Noise WVCO Noise
Noise, Bur Brp LBl Bf e
.l_
. WO . . . . . .
L | | ¥ r\--} Ll K_pd L ¥ Il ¥ Lt II ] Lt F(S) '\iJ Ll KVCOJ"’S '\i} hl
Reference 4
Irput, &
Fan N |
\+J Output, Bno
Divider
Woise, God

Figure 2.15: Small signal blockidiagram of the PLL with noise sources

A PLL that is composed of a phase and frequency detector, a low-pass filter as a
loop filter, a VCO, and a divider has many noise sources such as reference noise, VCO
noise, loop filter noise, and divider noise etc. The reference noise (6,,,.) isthe noise on the
reference signal. The PFD noise (6,,,) is the noise generated by the Phase and Frequency
Detector. The phase difference signal gets corrupted due to the PFD noise. When a pure
electric current switching charge-pump circuit is used, the loop-filter noise (0,,;) arises
from the equivalent input noise sources of the amplifier that is used for an active loop fil-
ter, logic circuits and electric current source noises. The FM noise (6,,;) represents atotal
noise coming from the pick-up noise at the VCO tuning input node and the VCO power
supply noise. The VCO introduces the VCO noise (¢,,,) and most of the noise energy is
around the oscillator frequency. The divider noise, 6,4 is created by the frequency divider
[12].

In Figure 2.15, the feed-forward gain G(s), feedback gain H(s), and open-loop gain
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L(s) are given by

KppKycoF (S
G(s) _ Arp \;CO ( ) (2.34)
1
H(s) — — 2.35
(5) =~ (235)
KppKyooF
L(s) = G(s)H(s) = Krpiveo (s) (2.36)
Ns
And the transfer functions for various noise sources can be expressed as
0 KppKvco NL(S)
Crystal-reference = > = > = (2.37)
0, 1+%§>0F<8> 1+ L(s)
0 9 KyvcoF(s) NL(s)
PFD = Loop filter = 222 = 21 — ; = 285
oop i Oup  Ow 14 KeoKvcolG) = Kpp(1+ L(s)) (239
O frco wandY L(s)
0oy 1+ K2oEvcoPCUSR ) F(SY@ + L(5)) &
0 KepKvgo Pl L] Ny
Nd d _ ‘no _ 8| = ) 2.40
M = o~ 11 KenBly2oRE ZAHT(s) (240
0 1 ETITH
VCO — no _ Py : i (241)
0,10 1+%800F<3> 1+ L(s)+

If areference divider, 1/R, generates various reference frequencies, that is aso creates a
noise that is given by

KppKvco
KppKyco NL
Rdivider = — 00— = (5) (2.42)
0,R divider 1+ Krepfveoll 1+ L(s)

And the noise from the reference signal changesto

0 1 KppKvco 1 NL(s)
Crystal reference = -~ = — - = —
y 6. R14 KepKvoolGl — R1+ L(s)

(2.43)

Using the equation (2.36) through equation (2.41), the total output phase noise contributed
by each noise source can be expressed by

02, = N2(02, + 02, )( Le) )2+972“’<1+1L(3)

el T L) )’ (2.44)
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Where 6., is the equivalent input noise that is given by

1 1
2 2 2 2 2

In equation (2.44), the crystal reference noise, PFD noise, N divider noise, FM noise,
and loop-filter noise all contain acommon factor in their transfer functions. The common
factor isgiven by

L(s) 1
1+ L(s) N1+G(s)H(s)

(2.46)

All of these noise sources are referred to as in-band noise sources. If the loop bandwidth
w,. and phase margin ¢ are define as[4]

|G i = e, (2.47)
18042l B (2.48)

Then, equation (2.46) can be apprdximét‘edby»\ S |

(2.49)

1+L(s) N1+G(s)H(s) 6)

L(s) 1 G(s) 1 For w<<w.
For w>>w,

Therefore, this term (2.49) has a low-pass transfer function. So, the PLL functions as a
low-pass filter for phase noise arising in the crystal reference noise, PFD noise, N divider
noise, FM noise, and loop-filter noise. However, the VCO noise is multiplied by a differ-
ent transfer function is given by

1 1
= 2.
14+ L(s) 1+G(s)H(s) (2.50)
And thistransfer function can be approximated by
I 1 B % For w<<w, (251)
1+ L(s) 1+G(s)H(s) 1 For w>>w, '
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So, the equation (2.51) represents a high-pass filter for phase noise generated from the
VCO. The transfer function of equation (2.49) is shown in Figure 2.16 and the transfer
function of equation (2.51) is shown in Figure 2.17.

&
G(s

1+ G(s)H (s)

G(s)/N

P
®¢ Frequency

Figure 2.16: Transfer funetion multiplying all in-band noise sources

1

1+ G(s)H(s)

1/G(s)H(s)

>
®e Frequency

Figure 2.17: Transfer function multiplying the VCO noise

The results in the preceding sections come from the fact that the VCO is an emu-
lated integrator with respect to the phase information that functions as a low-pass filter.
Therefore, the loop bandwidth should be wide as possiblein order to minimize the output
phase noise caused by the VCO inherent phase noise 6,,,. However, in order to achieve
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a minimum phase noise from the in-band noise sources, the loop bandwidth should be
as narrow as possible while minimizing the in-band noise contributed by the other 1oop
components. In addition to the conflict between the in-band noise sources and the VCO
inherent noise, the loop bandwidth is further confined by the fact that the loop bandwidth
needs to be less than the reference input frequency to keep the loop stable and to suppress
spurs at the output. Therefore, to attain a minimal phase noise performance from in-band
noise sources and the VCO inherent noise, the best place to put the loop bandwidth is
where the V CO phase noise crosses the reference phase noise times N.

A

VCO inherent noise
Optimum Loop BW

Phase noise (dB)

System noise floor

Offset Frequency (Hz)

Figure 2.18: Optimal loop bandwidth of aPLL

The graphical estimation of the PLL’s optimal loop bandwidth for achieving a min-
imum phase noise is shown in Figure 2.18. The optimal loop bandwidth is determined
based on the following considerations. the phase noise inside the loop bandwidth should
not be less than the in-band noise multiplied by N and the phase noise outside the loop
bandwidth should not be less than the VCO inherent noise [13].

A several other factors such asthe following could have an impact on the phase noise;
in-band V CO phase noise contribution, lower charge pump gain phase noise adjustment,
dual PLL adjustment, noisy crystal reference consideration, resister noise, and input in-
sengitivity violation problem. For example, theVV CO actually does contribute noise within
the loop bandwidth in Figure 2.17. Specifically, the VCO tends to produce more noise
within the loop bandwidth in case of a narrow bandwidth or anoisy VCO.

In Figure 2.19, the details of aPLL synthesizer’s phase noise transfer functions based
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on Lesson’s equation, and itstypical phase noise and spurs spectral waveforms are shown.

24 Summary

In this chapter, an overview and modeling of PLLs have been presented. A PLL
composed of a PFD, aloop filter, adivider and aVCO is a negative feedback system that
operates on the excess phase of periodic signals. The signals at various points of atypical
PLL that has only asmall phase difference between the input and output signal have been
discussed.

Generally, a PLL is a non-linear device because of the divide-by-N divider, PFD,
and prescaler. However, the PLL can be assumed to be a linear device if the loop isin
a locked status when the reference frequency is at least 10 times larger than the loop
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bandwidth. With this linear approximation, a several transfer functions including open
loop and closed loop transfer functions, natural frequency, and damping factor have been
derived using a simple servo control theory.

The effects of 1oop filters on the PLL performance have been considered. A simple
way to reduce static phase error without an increased noise from the active device is a
charge-pump PLL with passive loop filter. So, the charge-pump PLL architecture and its
functional characteristics have been analyzed.

The optimal points of the loop bandwidth where the overall noise from in-band and
V CO inherent noise is minimum has been discussed based on the characteristics of several

phase noise and spur sources.
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Chapter 3

Design of Frequency Synthesizer

3.1 An Overview of GPS Receiver Structure

The simplified GPS receiver structure is shown in Figure 3.1. The GPS receiver
is applied to GPS L1-band receiver. | The-antenna teceives the 1575.42MHz GPS car-
rier frequency, which contains the C/A code,i P-code,“and navigation messages used to
commercial GPS receivers. The'signal.is-amplified and mixed down to the intermediiate
frequency (IF) of 3.996MHz with sine ahd cosine wave quadrature mixers. The complex
signal becomes real with the addition of ‘real "and imaginary components. Out of band
images of the IF mixing is removed with the band pass filter (BPF). The real signdl is
then amplified one last time and transferred to digital base-band processing unit.

In the Figure 3.1, local oscillator isimplemented as a PLL-based frequency synthe-
sizer. It includes five parts of devices: PFD, divider, VCO, charge pump and loop filter.
The whole frequency synthesizer isimplemented in afully differential form circuit. The
fully differential synthesizer could effectively reduce the spurs due to the common mode
noises. A wide output swing charge pump is presented to enhance the jitter performance
by reducing the gain of VCO. A differential-voltage controlled oscillator is shown which
provides the quadrature signal consisting of two sine wave 90 degrees of phase. The cur-
rent mode logic technique is applied to the digital circuitsas PFD and divider. It isproved
to use the less dynamic power while operating in the high frequency status. The reference
frequency of the quartz crystal oscillator in this thesis is 24.5535MHz. The frequency
synthesizer generates a stable 1571.424MHz-clock applied to the mixer. The details of
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Figure 3.1: Simplified GPS receiver structure

each part are illustrated in the fol lowing sections:

3.2 Phaseand Frequency Detector

3.2.1 Theory

Ideally, PD outputs the signal which is proportional to the difference of inputs as
shown in Figure 3.2, where V; (¢) and V4(t) are the input signals of PD. While thereis a
phase error between these signals, PD activates.

The smplified PD is implemented by exclusive-or gate (XOR) is shown in Figure
3.3. The pulse width of output changes according to the phase difference (A¢) of thein-
put signals. Thissimplified PD generates the proportional pulse width based on the phase
difference between input signals whether the positive or negative edges.

The conventional three-state PFD is shown in Figure 3.4 which including two re-
settable D flip-flops (DFFs) and a NAND gate. It generates Up and Dn signals to control
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Figure 3.3: XOR gate PD

charging and discharging of the charge pump. The status diagram is shown in Figure 3.5.
Up and Dn both are 'O’ state when initial state. Either of the input signals (CK,.; or
CKyco) rises, the relative output node will be’1’ state (Up="1" or Dn="1"). The status
keeps on and recovers until the other state arises. This kind of PFD detects both of the
phase and the frequency and delivers the error phase signal to the charge pump circuit.

The ideal characteristic curve of three-state PFD is shown in Figure 3.6. While the
frequencies of the input signals are different, the phase error during each period is equal
t027[(TCK,ef —TCKyco)/MaX(TCK,ep, TCKyco)]. Thus, the three-state PFD pro-
duces the proportional outputsin the range 0 + 27 according the phase difference during
each frequency acquisition cycle. The proportional outputs pass through the charge pump
to charge or discharge the loop filter. Finally, it tunes the output frequency of VCO to
reach frequency-locked state by the loop [15].

MOS Current Mode Logic (MCML) circuits are useful. It has been investigated for
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Figure 3.4: Conventional three-state PFD

Figure 3.5: Status diagram of three-state PFD

use in high-speed mixed signal environments due to its reduced switching noise, its lower
power dissipation at high frequencies compared to standard CMOS logic, and its immu-
nity to common-mode noise [17]. It also could effectively reduce the dynamic power in
RF applications. The operated theory is shown in Figure 3.6. The CML circuit could
be sub-divided into three main elements. The first one is the sink-current source which
determines the maximum operated speed and the static power. The second part is the
switching circuits. CML accomplishes the different logic circuits through the distinct
switch combinations. The last part is the passive or active load. The load determines the
voltage difference between thelogic level 'O’ and’1’. The maximum operating frequency
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and the required operating power of an MCML gate can be altered by changing the DC
bias condition of the gate. This mechanism enables performance versus power trade-offs

to be made during circuit operation.

oUTo o OUT
g L
1 e Pull-Down
S| Network
Inputs lss

Figure 3.6 Operated Theory. of CML

Using the active P-type MOSload could effectively ensure the logic level of 'O’ and
'1'. The example of INVTER gate i& shown.infigure 3.7. M1 and M2 perform as the
switches, M3 represent a current source fss, and M4 and M5 are the active loads whose
gates are driven by the adaptable MOS CML shown in Figure 3.8 [16]. In the branch
where current is flowing, a resistive voltage drop is developed at the output while at the
complementary output, no current flows through the load and the output ispulled to VDD.
Using the adaptable bias control 10op generates the control signal RFP which enforcesthe

logic’ O’ level to follow a given voltage level Viow .
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Figure 3.8: Implementation of the bias control loop

3.2.2 Simulation Results

The schematic indicated in 3.4 was simulated in Cadence using HSPICE simulation
tool. Figure 3.9 shows the resulting waveforms for the case when the frequencies are
equal, but the reference phase ¢, leads the feedback phase ¢ 4,. Figure 3.10 presentsthe
opposite phase situation. The logic low level Vo is set to 2.8V, thus the output swing
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3.3 Divide-by-N Divider

3.3.1 Theory

Normally, the most different between PLL and the frequency synthesizer isthat the
frequency synthesizer has an additional frequency divider. There are commonly two kinds
of architectures for divider implementation: synchronous-type and asynchronous-type
dividers.

An asynchronous-type divider is shown in Figure 3.11 (a). We implement this type
of divider in this thesis. The advantage of this type divider is that the circuit design is
simpler. Theinput clock only enables the first DFF, and then its output signal enablesthe
next DFF. And so on, the output frequency would be divided by 2%V, where N means the
numbers of DFFs. Figure 3.11 (b) illustrates a synchronous-type divider with an NAND
gate which generates the synchronous signal on purpose to synchronize. This kind of
divider would be operated in the higher ‘frequenCy,‘ but we should notice the clock race

B s ey
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8]l
2 Dl
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>
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10— K K
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Finc T

(b) Synchronous

Figure 3.11: (a) Asynchronous-type divider (b) Synchronous-type divider

33



3.3.2 Implementation and Simulation Results

Figure 3.12 showsthe divided waveform while theinput frequency isequal to 1.6GHz.
As shown in the graph, The output waveform divide the input frequency by 64 exactly.
However, In Figure 3.13, the valid input frequency range which would be divided by 64
IS1GHz - 2.25GHz. The range is enough for tracking in the PLL.

.L| I I ! ..h: ' Il | ! I | Il ‘

Figure 3.12: Divi'déd o‘L"gtpvut Wavef orim with fin=1.6GHz

3.4 Voltage Controlled Oscillator

34.1 Theory

The voltage controlled oscillator is perhaps the most crucial elements of the PLL
because it directly provides the output signal of the PLL. A VCO can be built using ring
structures, relaxation circuits, or LC resonant circuits. The LC design has the best noise
and frequency performance owing to the large quality factor Q achievement with resonant
networks [21]. However, adding high-quality inductor increases the cost and complexity
of the chip, and a so introduces problems such as the control of eddy currents. Ring os-
cillators, on the other hand, may require less die area than LC designs. The design is
straightforward, and ring architectures can be used to provide multiple output phases and

wide tuning ranges.
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Figure 3.13: Valid input frequency range

The architecture of VCO we:use here |s fhe ring oscillator. In the Figure 3.1, the
quadrature signal consisting of two snewave90 degrees of phase must be generated
from VCO. The quadrature signal property couldincrease SNR 6dB in the received GPS
signals. The ring voltage oscillator used in this thesiswould produce these output signals
without any other extra circuits, but the poor phase noise performance. Even though the
phase noise performance is poor compared to the LC resonant circuits, it would be ac-
ceptable in GPS applications and save the area cost on the chip.

The ring oscillators consist of delay cells connected in cascade and in a closed loop,
which provide enough gain and phase shift to satisfy the Barkhausen’s oscillation criteria
[22]. A 4-stage differential ring voltage controlled oscillator is shown in the Figure 3.14.

In these topol ogies, the oscillation frequency is given by

1
N 2NTd

f (3.1)

Where N isthe number of delay cellsin thering, and 7, isthe delay timein the cell.
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Figure 3.14: Basic structure of ring oscillators

3.4.2 Implementation of Voltage Controlled Oscillator

Each delay stage is implemented with the latch-type circuit in the Figure 3.15 [19].
This oscillator topology is the modified version of that presented in [20]. A single stage
is comprised of a core switching pair M 1/ivi2 with‘a‘negative resistance synthesized by
cross-coupled pair M3/M4 in parallel. The resistor Ry ¢ detects the difference voltage
between VC1 and VC2 and transfers the difference veltage to the difference current via
M7/M8. The VCO istuned by steering eurrent with M7/M8 between negative-resistance
cell and the core switching pair. This structure has the advantage that the oscillation am-
plitude remains relatively constant even as current is steered through its core in order to
change the oscillation frequency. Parasitic poles associated with the differential pair and
cross-coupled pairs guarantee that each delay cell generates more than 45° of phase shift,
which ensures the reliable oscillation can be realized over process and operating condi-
tion. The tuning current 17y n g1 2 1S Sized to be less than the bias current 75,45, which
guarantees that oscillation persists over the entire tuning range.

The effective output resistanceis equal to R and cross-coupled pair M3/M4 in par-
alel. The cross-coupled pair forms a negative resistance shown in Figure 3.16. The
effective negative resistance approximately equal to —2/g,,3.4, the transconductance of
M3/M4, isrelated with the bias current 17y 2. Thus, the effective output resistance can
be expressed as
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Figure 3.15:'Delay célof the VCO

_2Ro/gm3,4

— 3.2
Rp — 2/gm3,4 (32)

Repr = RofJ(=2/gmsin)=
Where R, isequal to Rp/ /1,1 2. Normally, The design value of —2/g,,,3 4 must be greater
than Rp.

Howeveer, VC1 and V C2 tunes the current amounts of 17 nz1 and Ty g2 t0 cOn-
trol the effective output resistance of the delay stage. We define a tuning parameter
AV = VC1 - VC2 and Voyy = (VC1 4 VC2)/2 determines the center frequency
of VCO. The VCO tuning status can be sub-divided into three parts:

Ituner = Irunge IFAV =0
Ituner > Irunge IFAV >0

Itungr < Irungpz Otherwise

The oscillation frequency depends on the time constant 7= R.;;C. ;. The effective
capacitor value could be regarded as a fixed value. Thus, 1z.;; determines the oscillation
frequency directly. However, (3.2) shows that the oscillation frequency arises while g,,,3 4
decreasesand R, isgiven. Thetransconductance g,,s 4 isproportional to v/Iry ng2. While
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Figure 3.16: Cross-coupled pair forms the negative resistance

M7/8 are operated at the saturation region, the rel ationship between AV and Iy g2 d-
most maintains linearity. Aswell as thetuni ng cufren,t Iy N g2 decreases, the other tuning
current Iryyg; enters to improv‘en‘ the Ilnéantybetween AV and R.ss. This technique
makes sure of the VCO gain Kyi¢o being invariable V\%hile M7/8 operated in the satura-

tion region.
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Figure 3.17: Relationship between 1, and AV
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3.4.3 Simulation Results

Figure 3.17 illustrates the relationship between the current flow 7,4, on the sensible
resistaor Ry sy and the differential control voltage AV'. Thedestrictamong AV = £1.0V
presents a high linear result. However, either the transistor M7 or M8 goes into the tri-
ode region while AV exceeding 1V. The results of relationship between the oscillation
frequency fosc and AV are shown in Figure 3.18 to 3.20. As expect in result, we could
observethat theresultislinear among AV = +1.0 inthree different corners (TT, FF, SS).
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3.5 Fully Differential Charge Pump/L oop Filter

3.5.1 Theory and Implementation of Fully Differential Charge Pump

The conventional charge-pump PLL is usually implemented as a single-ended con-
trol voltage. The control voltage often suffers the noise coupled from the reference clock
shown in Figure 3.21. The reference spurs affects the oscillation frequency of VCO di-
rectly. In practice, we hope that thejitter of the PLL only relatesto VCO itself. The other
phase noise sources must be constrained as well as possible. The differentia technique
provides a reference spurs-free on the control voltage of VCO. However, the differential -
to-single converter or the differential control VCO is needed to collocate the differential
control voltage.

1 frer
NN fo
PFD VCO >
f\r \
— — R

k % | Second-order Igop filter

Divider (1/N) |«

Figure 3.21: Reference spurs occurs on the control voltage

The charge pump and the loop filter provide a conversion between the phase error
and the control voltage of VCO. The differential control voltage is used in this thesis,
so the charge pump must generate a differential control signal to the loop filter. The
fully differential charge pump implemented in [19] is shown in Figure 3.22. The coming
Up and Dn pulses from the PFD control two independent current steering pairs, Q1/Q2
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and Q3/Q4, whose output current are summed at the load resistors R. A -2R negative-
resistance cell cancels out the pull-up resistors to increase the dc gain during differential
operation. The negative-resistance cell is implemented with a cross-coupled differential
pair. When Up and Dn signals are both low state, the charge pump is a tri-state mode
where ideally no current flowsin or out of the loop filter. Thus, the loop filter holds the
V CO control voltage constant during thistime. When Up and Dn are different states, the
loop filter is charged or discharged. The explanatory chart of [19] is shownin Figure 3.23.

Note that the common-mode voltage of output control voltages is approximately equal to
VDD — IcpR.

T I

R R

-2R CELL

9| mLzp 42

Figure 3.22: Fully differential charge pump [19]

lcp lcp lcp lcp lcp lcp
lcp 0 lcp
— -—> -
Vel Loop VC2 VC1 Laop vcz  vel Laop ve2
It P e fer 2|0
(a) Up=0 Dn=1 (b) Up=0 Dn=0 (c) Up=1Dn=0

Figure 3.23: Explanation chart of circuit in Figure 3.22

The proposed fully differential charge pump in this thesis is shown in the Figure
3.24. The circuit could be sub-divide into three part elements. the symmetric charge
pump pair which is composed of pump-up, pump-down circuits and weak pull-up cir-
cuits, wide-swing current mirrors, and the common-mode feedback circuit. The most
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difference between [19] and the proposed one is that when Up and Dn signals are both
low state, the proposed charge pump has no current on the path A to D shown in Figure
3.24. However, the common-mode feedback circuit is required due to the voltage is un-
known while Up and Dn signals are both low state. In order to accomplish the control
voltage to the maximum range, the common-mode voltage must cooperate with the VCO.
The explanatory chart of the propused pully differential charge pump is shown in Figure
3.25.

( ‘—»[ Current Mirrors ]4—’ ‘

A Cc
Pull-down Loop Filter Pull-up
99— .
Charge ICMFB Charge
Pump B D Pump

[Wide-Swing Current Mirrors]

~ N

Figure 3.24: The propased fully-differential charge pump circuit

Ice 0 0 0 0 lcp
Icp 0 lcp
— -— S—
vei LooP VC2 VC1 Loop vc2  VCi1 Loop VC2
lo il o e lo
(a) Up=0 Dn=1 (b) Up=0 Dn=0 (c) Up=1 Dn=0

Figure 3.25: Explanatory chart of the proposed fully differential charge pump

The pump-up charge pump circuit is shown in the Figure 3.26. Either pump-up or
pump-down circuits [23] consists of a differentia input pair M1-M2, current mirror load
M3, dummy current mirror load M4, bias current sources [z and I,,.;, and weak pull-
up current mirror M5-M6. The symmetric charge pump inputs are driven by PFD. The
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pump-up circuit receives the differential input signalsfrom PFD to control the production
of charge current. On the other hand, the pump-down circuit controls the production of
the discharge current. When Up™ is high, the bias current I is steered through M1. The
differential between Iz and I,,,,; flows through M3 and is mirrored to M7. When Up™ is
low, the current in M3 beginsto go to zero. If the charge pump circuit has no weak pull-up
circuit M5-M6, there will be along time-constant conducted current in the transistor M3
that we don’'t have well-controlled. To overcome this problem, the weak pull-up circuit
M5-M6 and I,,,.; areinserted. Thus, when Up™ islow, M5 mirrors Ismall to M6 and M6
pulls up the gate of M3 to VDD so that M3 could be turned off within a short period of
time. Therefore, we can quickly shut off the current source M7. This technique avoids
the transient current occurred due to too longer switching time and restrains the glitches.

M5 J——[ me
—[ma M3 L m7
ICP=|B'|5maII\LI

|
O

Up o—[ M2 M1 J—e up®

(' 1 ) Ismall

E

Figure 3.26: Pull-up charge pump circuit

However, the output control voltage are the differential type, so the symmetric loop
filter are needed. Figure 3.27 shows a symmetric second-order filter.

The common-mode feedback (CMFB) circuit is shown in Figure 3.28 [22]. The
CMFB block setsthe dc level and counteracts common-mode noise variations on the dif-
ferential lines of the floating loop filter. It consists of p-type and n-type sub-circuits. 1If
the common-mode component of VC1 and VC2 goes up, the current in N transistorsin-
creases, which in turn discharges the two line similarly and pulls down their voltage level.
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2.« Loop Filter

"

Figure 3.27: Symmetric second-order filter

If the common-mode component of VC1 and VC2 goes down, the P transistors counter-
act accordingly to pull up the voltage levels of the two lines. The operation of the CMFB
defines the dc levels on VC1 and VC2 and prevents transients from creating steady-state
components on parasitic line capacitors. ‘The differentia signal (VC1-VC2) controls the
oscillation frequency of the V COwithout q:o?nyert‘ers. Differential signals larger than nor-
mal linear operating range can affectthe bias pointsin the CMFB and cause nonlinearities
and large transients in the PLL. T_d avo‘i‘d“ sueh-situation at start-up, an auxiliary reset cir-
cuit discharges the loop filter capacitor, cresti ng.an initial condition VC1-VC2=0.

It must be known that the CMFB circuit could not restrict the output swing of the
charge pump. However, the maximum output swing are ranged between Vryn and
VDD — |Vryp|. The body potential of the transistors MPL/MP2 are connected to the
respectively source to improve the output swing slightly.

The wide-swing current mirror circuit is shown in Figure 3.29. It mirrors the pump-
down current to charge node VC1. Using this structure, we can accurately mirror the
pump-down current. To design the current mirror, it's important not to make M3-M4 go
into triode region. The reason for including M2 is to decrease the drain-source voltage
and lower the channel-length modulation effect of M4 so that it is matched to the drain-
source voltage of M3. Therefore, the output current /,,,; is more accurately match the
input current 7;,,.

To determine the bias voltages for thiscircuit, set the effective gate-source voltage of
M3 and M4 be V, s and assume al of the drain currents are equal [24].
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MP4 | [ MP5

Figure 3.28; Common-mode feedback circuit

21po

,uncox(W/L)Q (33)

Verr = Vegpo = Vepps =

Furthermore, let M5 has the same drain current equal to the others but itssize is (o + 1)2
times smaller than M3(4), then we have

Veprs = (o + 1)Veyy (3.4)
Similarly, the effective gate-source voltages of M1 and M2 are given by

Verrie) = aVeyy (3.5)
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Thus,

Vas = Ve = (a+1) Vs + Vi (3.6)
Vissa) = Vas — Vast = Vias — (aVepp + Vin) = Vegy (3.7)

To ensure both of M3 and M4 maintain in the saturation region right at the edge of
the triode region, the minimum allowabl e output voltage should be

Vour > Verpr + Vegps = (e + 1)Vegy (3.8)

In practice, we adjust the M1 and M2 to have longer gate length to help eliminate
the short-channel effects, but the gate lengths of M3 and M4 are chosen just alittle larger
than the minimum allowabl e gate length which is 0.35,m.

Since there may be errors during the fabrication process, the wide-swing current mir-
ror doesn’t accurately mirror the pump-tp and pump-down current during an operation of
Up™ and Dn* being high simultaneously: To take the above situation into consideration,
we avoid Up* and Dn™ signals of RFD to ‘b;e“hi“gh at the same time. Thus, the three-state
PFD is used in thisthesis to avoid the abeve Situation occur.

Mirror from pull-down _ al[
charge pump
Vour
o

!
leias
lour

M5 [ M1

- M4 |—-—|i|m3

Figure 3.29: Wide-swing current mirror circuit
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3.5.2 Simulation Results

Figure 3.30 shows the differential control waveform of the proposed charge pump
while the phase error, . = 0,.; — 0y, isgiven and fixed (positive or negative). As shown
in Figure 3.30, the maximum output swing range reaches to almost +2.4V. However, the
useful range among +1.5V is chosen in order to ensure the linearity between the charge
current Iop and Ay. The output swing range in [19] islimited by the static current 7 p.
The linear swing-range is approximately +0.5V when VDD is applied to 3.3V.
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Figure 3.30: AV=VC1-VC2 versus .

The CMFB circuit shown in Figure 3.28 sets the common mode voltage between
VC1 and VC2. As described in the previous section, either VC1 or VC2 is charged,
the CMFB circuit tries to keep the common-mode voltage invariable. This phenomenon
makes the output swing wider compared to [19]. Figure 3.31 illustratesthe control outputs
VC1 and VC2 whilethe loop filter ischarged. Theinitia common-mode voltageis set to
VDD/2. VC1 and VC2 vary with the different trends due to the CMFB actives. Although
the common-mode voltage doesn’'t keep constant due to the different mobilities between
NMOS and PMOS, the CMFB circuit relaxesthe rising rate of the common-mode voltage
and makes the control voltage AV wider. The common-mode voltage variation is shown
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in Figure 3.32.
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Figure 3.32: Common-mode voltage variation

The matches between charge and discharge current is important for the PLL. It af-
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fects the parameter values of the loop filter discussed in next section. Figure 3.33 shows
the average charge and discharge currents versus the different phase errors. The resulting
curve is quite linear both phase lead or lag. There just occurs a little difference between
the average charge and discharge currents. The maximum current difference occurs at
Gerr = m/4 isonly 1.7nA shown in Figure 3.34. Figure 3.34 aso indicates that the cur-
rent mirrored from the wide-swing current mirror and the original current are matching
exactly.
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o
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Figure 3.33: 1,,, versus ¢,

The proposed fully differential charge pump could effectively restrain the reference
spur. Figure 3.35 and 3.36 show the Fourier series plot without DC components respec-
tively. Astheresulting plots, the reference spurs (25MHz) dominate the variation at each
control voltage node. However, the differential technique reduce the reference frequency
component from 33dB to -66dB without normalized.
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Figure 3.35: Fourier series plot of single-side control voltage

3.6 Component Parameters Decision of L oop Filter

The loop filter used in the frequency synthesizer either restrains the high frequency

noise or reduce the modulation effects of the spurs from VCO. Besides, the loop filter af-
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Figure 3.36: Fourier series plot of ithe differential control voltage
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fects the transient response of the‘f‘requenc‘y;sj;‘/n‘thesi zer for the whole loop. For instance,
the trade-off between the loop bghdwidth', settling i m‘é, and the immunity of noise are
the specifications varied by the loop filter. Cdnsidér‘ a PLL linear model shown in the
Figure 3.37. We set the output current of the ‘charge pump is equal to Iop. The charge
or discharge time to the load capacitor in a period is equal to 7'(¢./27), where 6, is the
difference between 0, and 6,,,,. Thus, the average output current of the charge pump is
given by

Lovg = Icop(0e/2m) (3.9)
We define a constant value K, given as

qu = Iavg/ee = ICP/27T (310)
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The open-loop gain of the PLL linear model is

G(s)H(s) = g— _ forZ (;lKVCO (3.12)

Where Z(s) isthe transfer function of the loop filter

G(s)

Z(s) > Kucals

L J

N

[ I/'N | I

l H(s) \

Figure 3:37: A PLL linear model

Suppose that Z(s) is the first-order loapfilter whose transfer function is given by

1
Z1st (YR S, (3.12)

Replacing Z;(s) into the equation (3.11), we have

slepKveoRyCp + IcpKyco

Gls)H(s) | 10 = AN
p

(3.13)

Plotting the Bode plot with MATLAB isshownin Figure 3.38. Theresistor R, series
to the capacitor Cp would improve the stability in the loop.
The transfer function of the second order loop filter applied to the system is

Zandls) = (By+ )/ ¢ (3.14)
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First-order loop filter frequency response
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Figure 3.38: First order loop filter (a) Schematic (b) Open-loop frequency response

Replacing Z,,,4(s) into equation (3:11), wehave,

v FISRY ‘
SIOPK‘/:CORPO}) + IlcpKvco
$9CoClipd 452N (Cy + C,)

G(s)H(s) | 2na,= (3.15)
Plotting the Bode plot with MATLABrisishown in Figure 3.39. The advantage of the
second order loop filter compared to the first oneisthat the effective control voltage range
of VCO will not be reduced due to the granular effect.
In the second order loop filter design, we define that

CyC,
T, =R L
PO, 4G,

and T, = C,R, (3.16)

Let s = jw, and replacing equation (3.16) into equation (3.15), we have

[CPVVCO(l —+ jWTQ) Tl
il I 3.17
G(S) (3)|57]w —W2CQN(1 + ijl) T2 ( )

We can derive the phase margin ¢,, from equation (3.17)

w w
= 80° 1
Op o 80 (3.18)



Second-order loop filler Frequency response
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Figure 3.39: Second order loop filter (a) Schematic (b) Open-loop frequency response

Thefirst consideration in desi gnirhg the ]oop filter is the stability problem in theloop.
While the open-loop gain |G(juie i JH (o= J@)| = 1, the phase margin can be
obtained from equation (3.18). The differential for ¢; is shown in equation (3.20) that
stands for the maximum phase margin-condition, Where ¢, 1s the loop bandwidth of the
PLL.

do, 15 Ty
— — = 3.19
dv 14 (WT1)? 14 (wT3)? ! (319)
Wp = 1/\/ TlTQ (320)

Whilew, and ¢, are given, we can obtain
T — sec ¢, — tan ¢, (3.21)
Wp
T, = ! (3.22)
T WIQ)Tl .
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Thus, we obtain

C, — ICPKVCO T1 1+ (WTQ)Q
5 = _

2
= 02(% .y (3.24)
1
P
R, === 3.25
P Cp ( )

Thus, we could estimate the component values of the second order loop filter. Note
that the loop filter of the frequency synthesizer in this thesis is off-chip. Normally, the
loop bandwidth will be set ten times less than the reference frequency of the frequency
synthesizer. The wider loop bandwidth causes the shorter settling time, but larger spurs
effect and overshooting. In the consideration of the phase margin, the bigger one makes
the higher stability, longer settling time, and.the larger spurs effect. Determining the suit-
ableloop bandwidth and the phase mérgi n, we cou] d.computethe values of the parameters
of the loop filter. : E 3

3.7 Simulations of Frequency Synthesizer

In this section, we exhibit the PLL characteistic results which are the post simula-
tions. In the simulation, the reference clock is applied to a 25MHz square wave. The
reference clock is equal to 24.5535MHz in practice, but the simulation result is hard to
observed due to the timing resolution problem in SPICE.

PFD, Divider, VCO, Charge Pump and the common bias circuits are implemented
on chip. However, the loop filter is achieved as off-chip type in order to fine-tuning the
specifications as described in Chapter 2. The conditions and the parameters of PLL are
given as following

VDD=3.3V TEMP=25°C

Reference frequency f,..; = 25MHz

Stages of Divider N = 64

Iop = 45uA

Tuning Voltage Range: +1V and V,, =VDD/2
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Kyco = 400MHz/V

Phase margin ¢,, = 60°
There are three cases bandwidth considered in this frequency synthesizer. Thus, we could
calculate the parameter values of the loop filter as

wy, = 200KHZ = R = 4.7K, C = 685.6pF, C; = 56pF
wy, = 300KHZ = R = 6.8KQ, C = 303pF, C; = 22pF
wy, = 400KHz = R = 8.2KQ, C = 172pF, C; = 12pF

Figure 3.40 showsthe transient response of PLL with three different bandwidths. All
of three different bandwidth could lock the phase and frequency between V.. and V.
The larger loop bandwidth fomrs the shorter settling time, but worse jitter performance.

However, there is a trade-off between speed and jitter.

o

= .I;

Wolge: fas)

o
Tiew (k) (TTWE]

Figure 3.40: Transient Response while w,,=200, 300, 400K Hz

The following ssimulation result plots are based on w,,=300KHz. Figure 3.41 shows
the eye pattern plot. The calculated peak-to-peak jitter and the jitter,.,,, of VCO output
are 22.5ps and 7.2ps respectively. We use the ring type oscillator in order to generate the
quadrature output waveforms. However, it is necessary to observe the jitter performance
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of the divider output due to measurement considerations. Figure 3.42 shows the eye dia-
gram of the divider output with peak-to-peak jitter is 201.5ps and the jitter.,.,,,, is47.8ps.

Eye pattern plot of PLL

Magnitude (Volt)

-05 I I I I I I
0 1 2 3 4 5 6

Time (sec)

Figure3.41: Eye pattern pl ot}of PLL

Figure 3.43 showsthe layout photoof: the proposed frequency synthesizer. Thewhole
chip areaincluding bondpad is 1.008 X 1.008 mm?. Table 3.1 states the specifications of
the frequency synthesizer.
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Eye pattern plot of Divider output
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Figure 3.42: Eye pattern ‘pl ot.of Divider output

Items Result Unit - Comment

VDD 30 36 L\Volt

Power dissipation 22 : mW‘ Whole chip

Settling time 4.1 pusec  w, = 300KHz

Jitter 22.5 psec VCO output: peak-to-peak
Jitter 7.2 psec VCO output:rms

Jitter 201.5 psec Divider output:peak-to-peak
Jitter 47.8 psec Divider output:rms

Die area 1.008 X 1.008 mm? Whole chip (PAD)
Reference spur negligible — Charge pump spec.
Locked-frequency range 1.2 — 2.0 GHz VCO spec.
Tuning-voltage range +1.0 Volt  Charge pump spec.

Table 3.1: Specifications of the frequency synthesizer
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Figure 3.43: Layout photo of the proposed frequency synthesizer
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Chapter 4

Conclusion

The fully differential frequency synthesizer is realized and implemented in this the-
sis. The differential technique provides a way to eliminate the common-mode noise and
the reference spurs. A novel differentialiChargepump is proposed which servos a wider
control voltage range, matching charge and ‘discharge\currents and lower dynamic power
dissipation. The frequency synthesizer dlsspat&s less than 22mW in whole chip includ-
ing the bias circuits. The peak-to-peak jitter is 22.5ps and the root-mean-square jitter
is 7.2ps. The refeurence spurs are effectly céhcelled due to the differential properties.
The high-linearity control voltage is about 1M ‘with tunging frequency range 1.2 to 2.0
GHz. Finally, the chip area of the proposed frequency synthesizer is 1.008X1.008mm?
consisting PADs.

However, the final jitter is not so good since the ring-type oscillator is used.
The better way to solve this problem is using L C-tank oscillator with differential control
signals. It could be expected to greatly lower the phase noises and spurs effects.

61



Bibliography

[1]
[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

B. Razavi, RF Microelectronics, Prentice Hall, New Jersy, 1998

J. Vankka, “A Direct Digital Synthesizer with an On-Chip D/A Converter,” |IEEE
Journal of Solid-State Circuits, Vol. 33, No. 2, pp. 218-227, Feb. 1998

P. H. Saul and M. S. J. Mudd, “A Direct Digital Synthesizer with 100MHz Output
Capability,” IEEE Journal of Solid-State Circuits, Vol. 23, No. 3, pp. 819-821, Jun.
1998 ] ‘

B. Razavi, Monolithic PhasesL-0cked ;l_‘;‘oo‘ps and Clock Recovery Circuits, |EEE
Press, New York, 1996 |

C. G. Ekroot and S. I. Long, “A"GaAs 4-bit Adder-Accumulator Circuit for Direct
Digital Synthesis,” |EEE Journal of Solid-State Circuits, Vol. 23, No. 2, pp. 573-580,
Apr. 1998

A. Yamagishi, “A 2-V, 2-GHz Low-Power Direct Digital Frequency Synthesizer
Chip-Set for Wireless Communication,” |EEE Journal of Solid-State Circuits, Vol.
33, No. 2, pp. 210-217, Feb. 1998

A. Madisetti, A. Y. Kwentus, and A. N. Willson, “A 100MHz, 16-b, Direct Dig-
ital Frequency Synthesizer with a 100-dBc Spurious-Free Dynamic Range,” |EEE
Journal of Solid-State Circuits, Vol. 34, No. 8, pp. 1034-1043, Aug. 1999

M. H. Perrott, T. L. Tewksbury, and C. G. Sodini, “A 27mW CMOS Fractional-N
Synthesizer/Modulator 1C,” ISSCC Digest of Technical Papers, pp. 366-367, Feb.
1997

F. M. Garner, “Phase Accuracy of Charge Pump PLLS,” IEEE Trans. on Communi-
cations, Vol. COM-30, No. 10, pp. 2363, Oct. 1982

62



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

T. K. K. Kan, G. C. T. Leung, and H. C. Luong, “A 2-V 1.8-GHz fully integrated
CMOS dual-loop frequency synthesizer,” |EEE Journal of Solid-State Circuits, Vol.
37, pp. 1012-1020, Aug. 2002

A. Spataro, Y. Deval, J. Begueret, P. Fouillat, and D. Belot, “A VLSI CMOS delay
oriented waveform converter for polyphase frequency synthesizer,” |EEE Journal of
Solid-State Circuits, Vol. 37, pp. 336-341, Mar. 2002

J. Craninckx and M. Steyaert, “A Fully Integrated CMOS DCS-1800 Frequency
Synthesizer,” |EEE Journal of Solid-State Circuits, Vol. 33, No. 12, Dec. 1998

W. Rheg, B. Song, and A. Ali, “A 1.1-GHz CMOS Fractional-N Frequency Synthe-
sizer with a 3-b Third-Order AY Modulator,” IEEE Journal of Solid-State Circuits,
Vol. 35, No. 10, pp. 1453-1460, Oct. 2000

T. A. D. Riley, M. A. Copeland, and il.:A: Kwasniewski, “Delta-sigma modulation
in fractional-N frequency synthesis,” JJEEE Jotirnal of Solid-State Circuits, Vol. 28,
pp. 553-559, May 1993 BT -

A. Djemoual, and M. Sawan “ Fast-l-ocking L.ow-Jitter Integrated CMOS Phase-
Locked Loop,” |EEE International Symposiunion Circuits and Systems |SCAS, pp.
264-267, May 2001 ‘ ‘

M.P. Houlgate, D.J. Olszewski, K. Abdelhalim, and L. MacEachern, “Adaptable
MOS current mode logic for use in a multi-band RF prescaler,” |EEE International
Symposium on Circuits and Systems ISCAS, Vol. 4, pp. 329-332, 2004

M. Mizuno, M, Yamashina, K. Furuta, H. Igura, H. Abiko, K. Okabe, A. Ono, and
H. Yamada, “A GHz MOS adaptive Pipeline Technique Using MOS Current-Mode
Logic,” IEEE Journal of Solid-State Circuits, Vol. 31, N0.6, pp. 784-791, Jun. 1996

J. Musicer, “An Analysis of MOS Current Mode Logic for Low Power and High
Performance Digital Logic,” M. Sc. Thesis, Department of Electrical Engineering
and Computer Sciences, University of California at Barkeley

A. Ong, S. Benyamin, J. Cancio, V. Condito, T. Labrie, Q. Lee, J. P. Mattia, D. K.
Shaeffer, A. Shahani, X. Si, H. Tao, M. Tarsia, W. Wong, and M. Xu, “A 40-43-Gb/s
Clock and Data Recovery IC With Integrated SFI-5 1:16 Demultiplexer in SiGe

63



[20]

[21]

[22]

[23]

[24]

[25]

Technology,” IEEE Journal of Solid-State Circuits, Vol. 38, No. 12, pp. 2155-2168,
Dec. 2003

A. Pottbacker, and U. Langmann, “An 8 GHz silicon bipolar clock-recovery and
data-regenerator IC,” |EEE Journal of Solid-State Circuits, Vol. 29, pp. 1572-1576,
Dec. 1994

B. Razavi, “A study of phase noise in CMOS oscillators,” |EEE Journal of Solid-
State Circuits, Vol. 31, pp. 331-343, Mar. 1996

H. Djahanshahi, and C. A. T. Salama, “Differential CMOS Circuits for 622-
MHZz/933-MHz Clock and Data Recovery Applications,” |EEE Journal of Solid-
State Circuits, Vol. 35, No. 6, Jun. 2000

J. F. Parker, and D. Ray, “A 1.6-GHz CMOS PLL with On-Chip Loop Filter,” IEEE
Journal of Solid-State Circuits, Vo183, pp.»337-343, Mar. 1998

D. A. Johns, and K. Martin, Analog I nlfegrated Circuit Design, pp. 256-266, by John
Wiley & Sonsinc, 1997 = 3”

A. Hajimiri, and T. H. Lee, *Oscillator phase noise: a tutorial” IEEE Journal of
Solid-State Circuits, Vol. 32, No:" 3, pp:326-336, Mar. 2000

64



