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Abstract: We present a design for an adaptive gain phase-locked loop (PLL) that features fast acquisition,low jit-

ter,and wide tuning range. A dual-edge-triggered phase frequency detector (PFD) and a self-regulated voltage

controlled oscillator (VCO) are employed in this design to realize the aforementioned properties. Measured results

show that the experimental chip,implemented in a standard 0. 5um 5V CMOS logic process, has an acquisition

time of about 150ns at 37% frequency variation and an output RMS jitter of 39ps at 640MHz.
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1 Introduction

Recently, phase-locked loops (PLL) have
played a key role in many integrated circuit
fields,such as clock generation in VLSI/SoC (sys-
tem-on-chip) and frequency synthesizers in com-
munication systems. Fast acquisition, low jitter,
and wide tuning range are required in nearly all
PLL applications in modern IC systems. Accord-
ing to linear system theory, the bandwidth of a
PLL should be broad enough to achieve fast loc-
king. However,a narrow bandwidth is required to
reduce output jitter. Thus there is a tight tradeoff
between the acquisition time and output jitter
when designing a PLL.

Recently, several adjustable
bandwidth PLLs have been proposed to balance

schemes for

the performance requirements of fast acquisition
and low jitter,such as dynamic gain adjustment of
the VCO™#,
e

charge current dynamic adjust-
ment-*' ,and double loop architecture'*’ .

In dynamic gain adjustment'"'*', complicated
digital circuits and switch capacitors are used to
control the gain of the VCO. The acquisition time
is quite long because the calibration process resets
the control word when the power is turned on or
the input frequency changes. In charge current dy-
namic adjustment™’, the loop filter (LF) is driven

by an external charge pulse at the beginning of
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the frequency transition to accelerate the decay of
phase error,and then another charge pulse is gen-
erated to reduce frequency error to zero as the
phase error goes to zero. In this scheme,an addi-
tional charge pump is needed to realize the two-
stage current pulse injection. However, it is diffi-
cult to determine the right amount of charge in-
jection at the proper time. Moreover, the external
circuits of two-stage charge current generation in-
troduce problems of stability and noise. The two-
loop architecture™
loop for fast convergence and a fine-tuning loop
for fine adjustment. Nevertheless,in this architec-
ture two PFDs and two charge pumps are used at

adopts both a coarse-tuning

the cost of circuit complexity, power consump-
tion,and area.

For dealing with these problems,a fast acqui-
sition, low jitter, wide tuning range PLL with a-
daptive dual-edge-triggered PFD and sclf-regula-
ted (SR) VCO is presented in this paper. Al-
though the underlying principle of this scheme is
similar to that of the two-loop architecture, this
PLL features only one PFD and a charge pump
that has adaptive gain. The PLL works alterna-
tively under two modes: wide bandwidth mode,
when the phase difference is larger than the con-
version threshold; and narrow bandwidth mode
otherwise. In this scheme, fast acquisition is
achieved by the wide bandwidth mode while low
jitter is acquired by the narrow mode.
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2 Architecture and realization of the
proposed PLL

In this section the architecture and the de-
tailed realization of the fast acquisition PLL with
wide tuning range and low jitter are presented.
After the overview of the architecture, the design
of the dual-edge-triggered PFD is described, and
then we introduce the charge pump and LF. More-
over,we present the design of a low noise, wide
tuning range SR VCO. Finally, the operation prin-
ciple of our PLL is also described.

2.1 Overview of fast acquisition PLL architecture

The charge pump phase locked loop (CP-
PLL) is widely used in PLL design for its proper-
ties of wide pull-in range and zero steady state
phase error'® . In this paper,we propose a fast ac-
quisition CPPLL with wide tuning range and low
jitter,which has the scheme shown in Fig. 1. The
main components of our PLL are designed delib-
erately to acquire the desired properties. First, a

REF [ Dual-
edge-
FB | triggered
PFD
[Frequencyl
ivider
k 1/N )
Fig.1 Diagram of the proposed PLL

dual-edge-triggered PFD is used in the proposed
PLL. Unlike the scheme of the two-loop architec-
ture'” ,in which two PFDs and charge pumps are
used to achieve different tuning processes,the du-
al-edge-triggered PFD can adjust the PLL acquisi-
tion process with only one PFD because of its var-
ied gain at different states of the PLL. When the
PLL is in the out-of-lock state,the large gain state
of the PFD is activated to accelerate the rate of
convergence. On the other hand, the PFD works
with small gain to achieve fine adjustment when
the PLL is in or near the locked state. Second. a
symmetric charge pump is employed to reduce un-
matched charge current. Moreover,a second order
LF is also combined with dual-edge-triggered PFD
to reduce the control line ripple. Finally, an SR
differential VCO is adopted to reduce the noise

and jitter of the PLL further and achieve a wide
tuning range. The detailed circuits and principles
of these components are described in the follow-
ing sections.

2.2 PFD circuit design

A traditional PFD'* consists of flip-flops and
has the disadvantages of a large dead zone and
slow speed due to the delay along the reset loop.
To overcome these disadvantages,we adopt the a-
daptive dual-edge-triggered PFD,""
of dynamic latches and static logic gates,as shown
in Fig.2(a). This kind of PFD features zero dead
zone,dual slope gain,and rapid response.

which consists

FB'
REF'
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Fig.2
edge-triggered PFD

Schematic (a) and waveforms (b) of dual-

The principle of the PFD is demonstrated by
signal UP in the case that the reference signal
(REF) precedes the feedback signal (FB) by
about A as shown in Fig.2(b). Within one cycle,
the signal UP has two pulses. One is trigged by the
positive edge of REF and the other by negative
edge. We assume that all inverters share the same
delay of 7; and that the delay of N-latch and P-
latch is identical to 7y in the PFD. According to
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the schematic and the waveforms,it is easy to de-
rive the pulse width of Typ-,,which is at the ris-
ing edge of REF,and Tp-,,which is at the falling
edge,as
Twp = WL+ +7r) - Qr+o) =A—1
@)
Tow=(A+20 +20+7) — (o + 7)) = A+ 3%
(2
Following an analysis similar to that of signal UP,
the pulse width of signal DN is given as follows in
the case in which REF precedes FB:
Tox-n = 37 (€D)
Accordingly, the effective pulse that drives the
charge pump has the width of
T = TUP—p + Tup-n = Ton-n = 2A — 1
When the input difference is smaller than z;,from
Eq. (1), we can derive Typ-,< 0. This means that
the width of the pulse located at the positive edge
of REF, T ,,fades and vanishes finally when A
diminishes while the loop state changes from out-
of-lock to near or in lock. Then the effective pulse
has a width of T.; = A,which is just the difference
between the two input signals. The results are sim-
ilar when FB precedes REF,so the detailed analy-
sis is omitted because of space limitation.
Therefore,in the case that the phase differ-
ence A is larger than z;, the PFD works as a large
slope detector. It is easy to derive that the gain of
the PFD is as almost twice that when the phase
difference is less than ;. Figure 3 shows the simu-
lation result of the relation between the gain of
the PFD and the difference between REF and
FB.

Gain/(nV-s)
=

T T[T I T T[T T[T T T[T I T T[T I T [T T o [T ooy

-0.5
-1.0
-1.5
-2.0 1 ] L1 ] ]
-2 -1 0 1 2
Delay/ns

Fig.3 Gain of the dual-edge-triggered PFD

According to the waveforms and operation
principle of the PFD,we can derive that a narrow
pulse with width of 3z; is located at UP and DN
when the phase difference A is zero. These narrow
pulses are used to erase the dead zone of the
PFD™/.

Note that other kinds of delay cells can be
used to substitute to inverters from nl to n2 and
from n3 to n4 to adjust the pulse width of UP and
DN. Their delay time determines the conversion
threshold on which PFD depends to switch be-
tween large and small gain modes. If the conver-
sion threshold is too small,the power consumption
and fluctuation on the VCO control line cannot be
improved effectively. On the other hand. the ac-
quisition time becomes too long to be tolerant if
the conversion threshold is too large. In this de-
sign we assign the conversion threshold as AD X T
+ t,-p,swhere AD is the duty cycle difference be-
tween REF and FB., T is the period of REF,and
t,-, 1s the estimated peak-to-peak jitter of FB.

2.3 Charge pump and LF design

According to the previous section, the PFD
delivers output in the form of three-state digital
logic. A charge pump and LF are utilized in the
PLL to convert the timed logic levels into analog
quantities as voltage V. for controlling the oscilla-
tor. V. remains stable, resulting in a stable VCO
output frequency under the locked condition. In
practice, V. fluctuates even if REF and FB are in
phase. This fluctuation,known as control line rip-
ple.which is caused by frequency leakage of input
signals and mismatch of charge pump, must be
kept as small as possible because it is the key
source of the output sidebands and jitters. Decrea-
sing the filter cutoff frequency is an easy method
to reduce the ripple on V., but at the cost of a
narrower loop bandwidth and therefore a long ac-
quisition time. A symmetric loads charge pump"’
is employed in our design to reduce the unmatched
charge current induced by defective effects such
as charge injection. In addition,a second order LF
is adopted with dual-edge-triggered PFD to filter
the high frequency components in the VCO con-
trol signal and suppress the ripple effectively.

According to the z-plane characteristic equa-
tion of a third order PLL with a passive second
order LF,the criterion for stability"® , the condic-
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tion that all poles are inside the unit circle is satis-
fied if .
41+ a)
[27{(1 ta) 20 -a)b - 1)}
bwi b

K
g

bwi‘[

€]
where b=1+ C,/C,,7= RC,,w; is the input fre-
quency.a = exp[ — 2xb/wit], K is the loop gain,
and R, C, and C, are the resistor and capacitors
of LF, respectively. Thus the charge current

should satisfy the following limitation:
4(1+ a)N
(b-1 % |:27c(1 ta) 20 - a)(b — 1)}
bw; bw; t b

I, <

KVCOR

(&))
Here Kyco is the gain of VCO, I, is the charge
current of charge pump,and N is the division rati-
o of the frequency divider (FD). In addition to
meeting the specification of settling time as de-
fined in Ref.[10],according to the equation:
Leting 2= (Gwa) ™" = 42N/ Rl K veo (6)
the charge current of the loop should satisfy the
following equation:

Ich > 47'(]\7/121<\/CO [scnling (7)

2.4 VCO circuit design

The VCO generates the output signal with a
frequency fyco in proportional to the control volt-
age V.. Kyco is known as the VCO gain and is de-
fined as

Somax = fuin
Vemas = Vemin
As mentioned in the section 2. 3, the problem of
ripple on the VCO control line becomes more se-
rious when the supply voltage is scaled down or
the operation frequency increases. The relative
magnitude of the primary sidebands at the output
of VCO is given by A, Kvco/ 2w » Where A, is the
peak amplitude of the first harmonic of the rip-
ple, and w, is the reference frequency. Then if
Kyco and w, are fixed by design specification,the
ripple is limited to guarantee spectral density of
the sidebands.

Moreover,a wide tuning range is an impor-

Kveo = (8)

tant feature of the VCO to expand the operation
range of the PLL. Transmission gates have re-
cently been adopted as voltage control resistance
to explore the tuning range of VCOs'''*'. We
consider a transmission gate designed to act as a
voltage controlled switch. When the gate voltage

biases the transmission gate into the conduction
region,the switch is closed and the resistance of
the transmission gate is very small. When both
MOS transistors are cut off and the switch per-
forms like an open circuit, we can consider the
transmission gate resistance infinite. A wide re-
sistance range, which is controlled by gate volt-
age,is speculated from the above discussion.

A differential SR VCO™' equipped with
transmission gates is involved in our design in or-
der to not only decrease the common mode noise
but also increase the immunity of supply noise to
overcome the disadvantage of poor noise perform-
ance of a ring oscillator. The SR delay cell
(Fig. 4) is equipped with a circuit that can adjust
cell delay induced by noise fluctuation via the
transmission gate and a built-in compensation
function to make the cell delay insensitive to the
fluctuation, thereby regulating the noise. Suppres-
sion of supply noise is illustrated as compensation
of noise fluctuation in the following analysis. As-
sume that Vop- is rising and V. is falling at the
initial time. For example, a small decrease at the
Vpp node causes the node of Vp- to charge to
Vpp more slowly. MP1 monitors this situation by
accelerating the speed of discharge at the node of
Vor+ » and thus speeds the charging of V- .
Therefore the supply variation can be compensa-
ted. This circuit design has good noise rejection
performance for device noise such as supply volt-
age variation. In addition, the absence of tail cur-

Fig.4 Self-regulated VCO delay cell
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rent and voltage-to-current converter also benefits
the SR VCO for low noise performance.

2.5 Operation principles of the proposed PLL

Generally,the open loop transfer function of
a PLL can be expressed as

I Kveo RC S+ 7RG,
— ch VCO 1 X 1
OHOY = gance, + €0 TRCCL
3 Cl n C2 2

D)
which has a crossover frequency of
1. K RC

we = ;Td\vfo e +]Cz 10)

From section 2. 2,there are two cases in the
behavior of the proposed PLL.

Case 1: When the PFD works under large
gain,that is,A>r;,the effective charge current /I
is given as follows:

I o0n — 2w ~ L2l
27 b1 i

Case 2: When the PFD works under small
gain,that is,0<CA<Tz;,the current is
1. 1., (1)

Z;Aa)i =~ 2 ‘A;:;»r,

where w; is the REF frequency,and I, is the aver-
age current of the charge pump. According to Eq.
(10) , bandwidth is proportional to the value of

charge current when other parameters are fixed.

Ich(]) =

1011(2) =

If the phase difference A is larger than r;(case 1),
the PLL is in the out-of-lock state. The loop band-
width is increased because of large charge cur-
rent. The settling time is decreased so that the
phase difference tends to ¢; rapidly. On the other
hand, as the PLL moves toward locking state
(case 2) ,the phase difference A is less than ¢;,the
loop bandwidth decreases with small charge cur-
rent, and thus the acquisition speed is gradually
reduced until it reaches the optimized value. Once
the steady state is reached, the PLL maintains
narrow bandwidth operation to achieve low jitter
performance.

3 Experiment setup and test results

3.1 Experiment setup

To test the proposed PLL, an experimental
chip was designed based on the 0.5um 1P3M
CMOS logic process with 5V supply voltage. Fol-

lowing the process in Ref.[ 6] and considering the
analysis in section 2, the parameters of charge cur-
rent, gain of the VCO, resistor and capacitors in
the LF are designed.

In our scheme, the gain of the VCO is about
136MHz/V, as required by design specification.
Thus, when the input reference frequency is
12. 5MHz,according to the formulation of relative
magnitude of primary sidebands, A, Kvco/2w:e »
the fundamental ripple amplitude must be less
than 0. 6mV to guarantee the sidebands are 60dB
below the carrier. A second order passive LF is a-
dopted in our design,where C; determines the set-
tling time, whereas C, decreases the ripple in the
control voltage. Usually C, is about 1/10 of C,; so
as not to affect the frequency response of the
PLL. The maximum value of charge current is de-
fined according to ripple specification as
An
L(s)
where L (s) is the equivalent resistance of LF. A

Ich< (11)

lower charge current is chosen considering the
system stability (Eq. (5)) and ripple suppression
(Eq. (11)). According to settling time (Eq. (7)),
the minimum value is 4w N/ RK vco t swing - NOte that
the charge current of a large slope state is about
twice of that of a small slope state. Finally, a
40pA charge current is chosen in our design.

3.2 Measurements

The chip is measured by the Agilent 93k SoC
test system and HP 54121T digitizing oscilloscope.
Figure 5 (a) shows a photo of the experimental
die. Because of the bandwidth limitation of the
measurement instruments, we can only measure a
signal less than 400MHz directly. We denote the
output signal of divided by two as F2 and the sig-
nal of divided by 32 as F32 and use the data of
these two signals to deduce the properties of the
original output signal, Fo. Figure 5(b) is the out-
put waveform of F2 at 320MHz.

The measured results show that the PLL can
work well from 96 to 640MHz. The measured lock
time of the proposed PLL,as illustrated in Fig.6,
is about 150ns when the input frequency changes
from 6. 25 to 12. 5MHz,corresponding to Fo from
200 to 400MHz,which is about 37% of the whole
tuning range. At the beginning of the locked
curve, the fluctuation is a bit large, and after a
while it settles.
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Fig. 6  Acquisition process while input frequency

changes from 6. 25 to 12. 5SMHz

The jitter was measured by TIA (DTS1000)
embedded in the 93k test system. The measured
RMS jitter of F2 is 47ps at 320MHz and 70ps at
20MHz of F32. Because cascaded dividers are
adopted in the design and we assume the noise of
PLL is independent of that of each divider, we
can derive that the jitter after m frequency divid-
ers has the form of

i = o+ Do (12)
where 0Ty and ¢, are the RMS jitters of the mth
divider output signal and Fo respectively,and gy, is
the jitter caused by the mth divider. According to
Eq. (12),the RMS jitter of Fo is calculated to be

about 39ps at 640MHz. Figure 7 shows that the
measured peak-to-peak jitter of F32 is about 280ps

at 12. 5MHz,and Figure 8 shows the spectral den-
sity in which the amplitude of the sidebands is a-
bout 100dB below the carrier.

3.5

3.0

2.5
2.0

Voltage/V

0
20 -1.5 -1.0 -05 0 05 1.0 1.5 20
Time/ns

Fig.7 Jitter of the proposed PLL at 12.5MHz

80
60

Power spectral density

| | |
75 10 125 15 175 20
Frequency/MHz

Fig.8 Spectral density of F32 at 12.5MHz

The measured power consumption of the core
circuits is about 50mW, and the die area is about
0. 72mm”. A performance summary of this work is
listed in Table 1.

Table 1 Performance summary

Parameter J8SC200612) This work
Process 0. 5pm CMOS 0.5um 1p3M CMOS
Power supply/V — 5
Area/mm? 1.96 0.72
Opera“;ﬁ[ gjquency 80~350 96~640

39 at 640MHz
150 at 37%

range acquisition range

RMS jitter/ps 16 at 320MHz

240 at 7% acquisition

Acquisition time/ns

Power consumption

/mW 300 50(excluding 1/0)

4 Conclusion

This paper presents a design of a PLL with
fast acquisition, low jitter,and wide tuning range
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through a dual-edge-triggered PFD and an SR
VCO. The dual-edge-triggered PFD adaptively
changes the bandwidth of the PLL according to
the phase difference of the input signals, and
therefore balances the settle time and the noise
performance well. The SR VCO contributes good
noise immunity with a wide tuning range. The die
is fabricated in standard 0. 5ym 1P3M 5V CMOS
logic technology and operates from 96 to 640MHz
with core power consumption of about 50mW.
The measured results show that acquisition time is
about 150ns when the frequency variation is about
37% . The output RMS jitter is 39ps at 640MHz.
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