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Abstract: This paper presents a novel adaptive-bandwidth charge pump PLL with low jitter and a wide tuning range. With

an adaptive bandwidth,the proposed PLL can scale its loop dynamics proportional to the output frequency and maintain

optimal performance over its entire output range. In order to improve the jitter performance of the PLL,a matching tech-

nique is employed in the charge pump,and a voltage-to-voltage converter is used to achieve a low gain VCO. The experi-

mental chip was fabricated in a 0. 35um CMOS process. The measured results show that the PLL has perfect jitter per-

formance within its operating range from 200MHz to 1. 1GHz.
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1 Introduction

A challenge in designing phase locked loops
(PLLs) is providing ample flexibility for a variety of
applications in ASICs. The diversity of ASIC applica-
tions has led to various requirements for PLLs’ oper-
ating frequencies. Due to their fixed bandwidth, con-
ventional PLLs can not provide diversiform operating
frequencies with high quality'’’. However, adaptive-
bandwidth PLLs can solve this problem by adjusting
for different output frequencies. They achieve an
adaptive bandwidth proportional to the reference fre-
quency and a constant damping factor independent of
the process,voltage,and temperature variation. Thus,
adaptive-bandwidth PLLs can sustain optimal jitter
performance over the entire operating range.

Several techniques for adaptive-bandwidth PLLs
have been developed* " . However,complicated filter
structures,such as active filters and current model fil-
ters, were used in those designs. In this paper,a novel
adaptive-bandwidth charge pump PLL (CPPLL) is
presented. This proposed PLL achieves an adaptive
bandwidth and a constant damping factor with a sim-
ple passive filter structure and a smaller chip area. Jit-
ter is another critical performance that must be
considered in the design of PLLs. In this proposed cir-
cuit, a matching technique and a voltage-to-voltage
converter are applied to the charge pump and VCO
circuit, respectively, to improve the jitter perform-
ance.
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2 Structure and operation principles

A structural overview of the proposed adaptive-
bandwidth CPPLL is shown in Fig.1. The CPPLL
consists of a phase frequency detector (PFD), two
charge pumps (CP1 and CP2),a passive filter,a gain
compensation VCO,and a feedback divider. The pas-
sive filter includes a diode-connected nMOS MR,
which is used as a resistor. The gain compensation
VCO is composed of a voltage-to-voltage converter
and a conventional VCO.

The charge/discharge current of charge pump
CP1 and CP2 are Icpy = Icp and Icpy, = Glcp (G is a
constant) . Assuming that the resistance of the diode-
connected nMOS is R ,as shown in Fig. 1,the relation-
ship between V¢ and I is
Ve _ 1+ sRC’,
Icp sC, (1 + sRC,)
In this circuit,C, = (1+ G)C, + C, and C, is much
smaller than (1+ G)C,,s0 C'1= (1+ G)C,.

F(s) = Q)
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Fig.1 Structure of the proposed CPPLL
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The gain of the PFD and CP (K ) is propor-
tional to the charge/discharge current of the charge
pump. The gain compensation VCO has a gain of
Kveo.1/N is the gain of the frequency divider. Conse-
quently, the open loop transfer function of the pro-
posed PLL is
Tcp Kyeo (1 + sRC))
2xeNC,s* (1 + sRC;)
This expression is similar to the open loop gain of

H,(s) = (2)

a conventional 3rd CPPLL with a classic 2nd passive
filter™ . w, and the damping factor ¢ of this CPPLL
can be approximately calculated by following equa-

tions.
- [IerKveo
@ =Al 2xNC, )
1

£= $RC w,~ LR+ G)Ca, 4

¢ is equal to %RCQ}“ in a conventional 3rd CPPLL.

Thus,with the same R and w,,the filter capacitance
in the proposed circuit is 1/(1 + G) of that in the
conventional CPPLL. The filter capacitance can be
reduced further by increasing the value of G.

As shown in Fig. 1, the MOS diode, charge
pumps,and VCO use the same biasing voltage V.
Thus,the biasing current of the MOS diode (Ir) and
charge pumps (I¢p) are both proportional to the bia-
sing current of VCO ([yco) »that is, Iz ¢ [pOC [yco.
The resistance of the diode-connected nMOS My is

1 1 1

Gn \/IR VIVCO

In the proposed circuit, the biasing current Iyco and

(5)

the operating frequency wyco have the relationship™®

wvco €/ Tvco (6)

Therefore, we have the following relationship in this
PLL.

Wn OCV[CP OC\/IVCO —_

= constant (7)

wvco «/m v Iveo
¢oc 1 X/ Tcp o 1 X/ Iyco = constant (8)

V IR IVCO
Figure 2 shows the simulation results of the rela-
tionship between the voltage V. and the response of

(b)
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Fig.2 Dynamic response of the proposed PLL (a) w, versus

V.3 (b) ¢ versus V.
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Fig.3 Schematic of charge pump
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the PLL. Since the operating frequency is proportion-
al to V., the simulation results demonstrate that the
proposed PLL has a loop bandwidth proportional to
the operating frequency and a constant damping fac-
tor over its operating range,as described in Eqgs. (7)
and (8).

3 Circuit design

3.1 Charge pump

The charge pump circuit is shown in Fig. 3. C,
and compensation capacitor C, stabilize the feedback
loop. With an error amplifier and the negative feed-
back loop, the voltage at node X follows the voltage
V. as long as the gain of the amplifier is high enough.
Therefore, the voltage V. is equal to the voltage at
node X. In this charge pump,Mpl = Mp2,Mp3 = Mp4.,
Mnl = MnZ,and Mn3 = Mn4. So; [ charge = Ivis When the
UP signal is high and Igcharee = Tvis When the DN sig-
nal is high, making [luuge = dincharge regardless of the
voltage V.. Hence, the charge and discharge current
match well and the performance of the PLL is im-
proved. Figure 4 is the simulation result of charge and
discharge current of the charge pump when the volt-
age V. sweeps from 0O to 3. 3V. As the simulation re-
sult shows, the mismatch of the charge pump is less
than 1%, within the valid operating range.

—1

charge

Fig.4 Charge pump current matching characteristic



910

% 29 &

P2

(Km)_j

[
(Km)@

N1 N3
1

Fig.5 Voltage-to-voltage converter

3.2 Voltage-to-voltage converter

Figure 5 is the circuit of the voltage-to-voltage
converter. The nMOSs in series produce a biasing cur-
rent when the input voltage V. is lower than Viy,.
When all transistors work in saturation, Ip, = I\; and
the output voltage V. is

Vctrl :_«/ENI X Vc + VDD _| VTHP ‘+
P2
(M

So,the output voltage has linear characteristic against
the input. The gain can be changed by adjusting the
value of Ky /Kp, ,which is determined by (W/L)y /
(W/L)p,. To make sure N1 and N2 are in saturation,

KNI
K,

X VTHn

the input voltage V. has a maximum V yyax of
VDD _| VTHp ‘

Viamax = ——————+ Vi (10)
1+ V4 Ky /KPl
The output voltage has a minimum Voyruw = V, —

vTHn .
3.3 Gain compensation VCO

As shown in Fig. 1, we use a voltage-to-voltage
converter and a VCO to compose the gain compensa-
tion VCO. In order to improve the jitter perform-
ance, it is important to achieve a low gain VCO'" . In
the same output frequency range, enlarging the valid
input range helps reduce the VCO gain. In this pro-
posed CPPLL, the input range of the conventional
VCO is much smaller than the output range of the
charge pump. From Eq. (9) ,a large input range can be
linearly scaled down to a smaller output range by a
voltage-to-voltage converter. Therefore, we add a
voltage-to-voltage converter in front of the conven-
tional VCO to enlarge the valid input range.

With the help of the voltage-to-voltage convert-
er,the gain compensation VCO has the same output
range as the conventional VCO but a larger input
range. The gain of the gain compensation VCO is

Kvco = Ky Kveoc an
where Kyco ¢ is the gain of the conventional VCO and
Ky is the gain of the voltage-to-voltage converter.
Since Ky is less than 1,the gain compensation VCO

Fig.6

(a) VCO bias circuit; (b) VCO delay cell

has a lower gain than the conventional VCO
The conventional VCO delay cell with symmetric
loads™®

the VCO are generated by the circuit in Fig. 6(a).

is shown in Fig. 6(b). The biasing voltages of

4 Measured results

The described PLL circuit was fabricated with an
SMIC 0. 35um CMOS process. Figure 7 shows the lay-
out of the PLL circuit,including pads.

The chip was measured by the Agilent 93k SOC
test system. Because of the bandwidth limitation of
the measurement instruments, we did not measure the
output signal directly. We denote the output signal of
divided by N (N = 32) as FB, which is shown in
Fig. 1. To achieve measurement accuracy, we meas-
ured the FB signal instead.

The measured results show that the PLL works
well from 200MHz to 1. 1GHz. Figure 8(a) is the out-
put waveform of FB at 31. 25MHz, corresponding to
the output signal at 1GHz. As illustrated in Fig. 8(b),
the measured lock time of the proposed PLL is about
2ps when the input frequency changes from 10 to
20MHz. This corresponds to the output signal from
320 to 640MHz, which is about 36% of the tuning
range.

A performance summary of this work is listed in
Table 1. The jitter was measured by TIA (DTS1000)
embedded in the 93k test system. These jitter meas-
urements are not de-embedded and the cascaded di-
viders are adopted in the design,so the measured jitter

Fig. 7 Layout of the proposed PLL
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Fig.8 (a) Output waveform of FB at 31. 25MHz; (b) Acquisi-
tion process as input frequency changes from 10 to 20MHz

of the FB signal contains the jitter contribution from
the Agilent 93k oscilloscope and the frequency divid-
ers. In fact, the jitter of the output signal is less than
the measured jitter of the FB signal. The performance
comparison is shown in Table 2.,and the performance
of the proposed PLL can be further improved with
advanced processes.

Table 2 Performance comparison

This work Reference [3]
Process 0. 35um CMOS 0. 15m CMOS
Operating range 200M~1.1GHz 250M~2GHz

Output RMS jitter

/

. <1.28% @ 1.1GHz*
/ mean period

1.54% @ 1. 2GHz

Table 1 Performance summary
Process 0. 35um CMOS
Chip area 580pm X 620pm
Supply voltage 3.0~3.6V

Power consumption 22mW@ four = 1GHz

Operating range( fvco) 200M~1.1GHz

Frequency/MHz RMS jitter/mean period
10 <20. 08%
Jitter performance 15 0. 05%
(FB signal) 20 <<0. 04%
25 <0. 03%
30 <0.04%

% Calculated from the measured results

S  Summary

An adaptive-bandwidth PLL with a simple pas-
sive filter is described and analyzed in this paper. The
jitter performance of the proposed PLL is improved
by applying a matching technique and a voltage-to-
voltage converter to the charge pump and VCO cir-
cuit, respectively. The measured results demonstrate
that the adaptive-bandwidth CPPLL maintains opti-
mal dynamic response and jitter performance in its
wide operating range. Moreover, compared with the
conventional CPPLL, the chip area of the filter ca-
pacitance can be scaled down in the proposed PLL.
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