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In this work, we will assume that TDATA is already
defined by a system architect. Under this
assumption, the remaining most effective way to
reduce the energy consumption is minimizing TSET,
which strongly depends upon the bandwidth of PLL.
In this paper, we will introduce the basic
architecture of the proposed fast-settling PLL, and
discuss the details of low power circuit design
techniques. Finally, we will describe the achieved
circuit performance, followed by conclusion.

ABSTRACT
A new frequency synthesizer architecture with lowpower and very short settling time is introduced for
2.4GHz ZigBee applications. It uses two-point
channel control with divider control and direct VCO
control. A DAC with tunable gain is used along with
a linearized varactor for the direct VCO control path.
Despite the use of an integer-N architecture with
50kHz loop bandwidth, we have achieved a
frequency settling time of less than l0gsec for
80MHz frequency jumping from 2400MHz.
The proposed modified-TSPC circuit topology with
2-transistor stacks operational with lower supply
voltage is used for the high frequency divider
circuits. With a lowered supply voltage of 1.OV, the
power consumption is significantly reduced and so
is the switching noise induced by TSPC and digital
circuits. With the -112 dBc/Hz phase noise at 1MHz
offset from 2.44GHz, total power consumption using
0.188gm CMOS technology is only 3.48mW.

11. PROPOSED PLL ARCHITECTURE FOR FASTSETTLING PERFORMANCE
In general, the settling time of a PLL decreases as
the loop-bandwidth increases. Since a fractional-N
PLL with higher reference frequency capability can
achieve wider loop-bandwidth, a fractional-N PLL
has been more attractive than the integer-N PLL.
However, fractional-N PLL architectures require
fractional controllers, and thus have the higher
hardware complexity and more power consumption.
Fig. 1 shows the architecture of the proposed PLL
for fast settling performance. Our architecture is
similar to that of two-point PLL direct modulator [2],
but our architecture uses two-point control for the
channel control words, not for the data modulation
input. Furthermore, while the two-point PLL direct
modulator can be adopted only for the fractional-N
PLL with a fractional controller such as a SigmaDelta modulator, the proposed PLL can be adopted
not only for the fractional-N but also for the integerN PLL.

1. INTRODUCTION
Extremely low energy consumption property is
essential for the ZigBee systems because the
wireless transceivers should last several years with
normal battery power. Generally, battery life is
inversely proportional to the energy consumption of
wireless node, as shown in (1), where EC, PACTIVE,
TON, TSET and TDATA are energy consumption, active
power consumption, ON-time duration of a node,
PLL settling time and the time duration for data
transmission or reception, respectively [1].
(1)
EC =PACTVE XTON = PA14CYE X (TSET + TDATA)
From (1), energy consumption can be minimized
when PACTIYE and TON are minimized at the same
time. Consequently, total energy consumption can
be reduced in two ways: one is to reduce PACTIVE
and the other is to reduce TON.
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Figure 1: Proposed fast-settling PLL architecture
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Along with the linearized VCO, a DAC with tunable
gain is used to effectively compensate the gain
mismatch between the two-point control paths. 4-bit
gain control is implemented by using controllable
load resistors at the DAC output.

If the tuning gain of the direct VCO control path is
perfectly matched to that of the divider control path,
the output frequency settling time must be zero for
any frequency change. However, if we assume that
there is a certain amount of mismatch, the size of
mismatch limits the performance enhancement.
In this work, we used the varactor linearization
technique and a simple gain control in DAC output
to compensate the gain mismatch between the two
paths, and thus to minimize the settling time.
However, in reality there are residual mismatches
due to the varactor non-linearity and finite rise time
of the DAC output voltage. We have considered
these two additional non-ideal factors for our design.

B. Low-Power Frequency Divider Circuits with
Modified-TSPC Topology
The most widely used topology of divide-by-2
circuits in the GHz range is based on Current-Mode
Logic (CML). However, the CML circuit is very
sensitive to layout and process variations, because
the metal connections between the master and
slave latches introduce large parasitic capacitance
and resistance.
True Single Phase Clock (TSPC) circuit topology is
an alternative technique for high frequency divider
circuits [5][6][7J. TSPC topology leads to lower
parasitic components and is less sensitive to layout
and process variations than CML. However, TSPC
requires a large sensitivity voltage, which stands for
the minimum input voltage swing for operation. Also,
it generates large amount of switching noise and
hence could lead poor PLL phase noise.
Fig. 3-(a) and Fig. 3-(b) show the divide-by-2
circuits using the original TSPC topology and the
proposed modified-TSPC topology, respectively.
For lower supply voltage capability and higher
speed operation, we modified the original TSPC
circuit using only 2-transistor stacks. Lowering the
supply voltage also helps to reduce the switching
noise, which is one of the most significant
drawbacks of TSPC topology. In order to
compensate the large sensitivity voltage, an inverter
amplifier is inserted as an input buffer in front of the
divide-by-2 core circuit. The inverter amplifier not
only has very large voltage gain but also
automatically adjusts the operating bias to the logic
threshold.
Additional power-down transistors are used,
although not shown in Fig. 3-(b), to prevent static
current consumption during the sleep-mode.

111. CIRCUIT DESIGN DESCRIPTION
A. VCO with Linearized MOS Varactors
Generally, the phase noise performance of a VCO
strongly depends upon the power dissipation. If we
set the VCO to be in the current limited regime, the
output voltage swing is less determined by the
supplied voltage but mainly by the current flowing
through the tank circuit. Thus, we used the lowered
1.OV supply voltage, instead of 1.8V, to reduce the
power consumption. Fig. 2-(a) shows the designed
VCO circuit, in which two on-chip spiral inductors
with quality factors of 9.5 and two linearized MOS
varactors are used. Lumped physical models are
used for the on-chip spiral inductors [3]. One of the
varactors is used for the PLL loop connection and
the other is for the direct VCO path of two-point
channel control. Linear varactor characteristics are
achieved by combining three pairs of MOS
varactors with distributed biasing [4], as shown in
Fig. 2-(b). By carefully choosing the sizes of CB and
CVI, we achieved the quality factor of linearized
varactors more than 20, which is much larger than
that of on-chip spiral inductors and do not degrade
the output phase noise performance.
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Figure 3: Circuit Diagram of TSPC divide-by-2

4

OT

shown in Fig. 6-(a) and Fig. 6-(b), respectively. For
1.OV supply voltage, power consumption of less
than 0.1 mW and a power efficiency of 25.7GHz/mW
are achieved at 2.5GHz input frequency. Our
results have much higher power efficiency than
other recent previous works [5][6][7]. Along with the
excellent power efficiency, we also achieved
comparable input sensitivity voltage to that of the
CML topology. The input sensitivity voltage at
2.5GHz input frequency is 0.26Vpp and the overall
operating frequency range with full swing output is
up to 3.25GHz when a 1.OV supply voltage is used.
Our results show that the proposed modified-TSPC
circuit topology is very suitable to use for lowvoltage and low-power systems in GHz range.

IV. CIRCUIT SIMULATION RESULTS
Our frequency synthesizer was designed using
0.18Rm 1P6M RFCMOS technology, as shown in
Fig. 4. Low supply voltage of 1.OV, instead of 1.8V,
is used for the VCO, frequency dividers and other
digital circuits to reduce power consumption and
switching noise. Circuit simulations were performed
including significant RLC parasitic components
induced by circuit layout.
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Fig. 7 shows the frequency settling performance
with various gain mismatches when 2.5MHz
reference frequency and 50 kHz of loop-bandwidth
are used. For the 80MHz frequency jumping from
2400MHz to 2480MHz, while the uncompensated
frequency settling time is more than 70 gsec,
compensated settling time for the perfect matching
condition is nearly zero. Despite the use of an
integer-N architecture with narrow loop bandwidth,
we have achieved less than 10 isec of worst case
settling time by using mismatch compensation
circuitry composed of a linearized VCO and tunable
gain DAC. Although the settling time depends
strongly upon the amount of mismatch, the
achieved I Ogsec of worst case settling time
corresponds to the maximum 2% of gain mismatch
between the VCO and DAC output. This mismatch
is caused by the VCO non-linearity and the control
resolution of 4-bit tunable DAC. Even though there
are certain limitations, our proposed fast seKtling
PLL successfully reduced the frequency settling
time by the minimum factor of 7, compared to the
conventional uncompensated case.
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Figure 6: (a) Power Consumption and (b) Input sensitivity
voltage of the highest frequency divide-by-2 circuit
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Fig. 5 shows the linearized VCO tuning
characteristics. Tuning range is up to 540MHz (22%)
from 2.24GHz to 2.78GHz, including 3-bit capacitor
bank control. Tuning gain is around 75MHzN within
the range from 70MHz/V to 80MHzN. We have
achieved excellent linear tuning characteristics
through the simple varactor linearization technique.
Along with the 4-bit controlled DAC, our linearized
VCO can be used to compensate the gain
mismatch between two-point channel control paths
with less than 2% gain error for the worst case.
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Figure 5: Tuning characteristics of linearized VCO

Power consumption and the input sensitivity voltage
of the highest frequency divide-by-2 circuit are
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Despite the use of an integer-N architecture with
narrow 50 kHz bandwidth, we have demonstrated
by circuit-level simulation less than IOjsec of
frequency settling time for the 80MHz frequency
jumping from 2.4GHz.
For low-power consumption, we used a modifiedTSPC circuit topology for high frequency divider
circuits. Not only is our modified-TSPC circuit using
2-transistor stacks suitable for high frequency
operation, but also it enables us to use lower supply
voltage of 1.OV up to 3.25GHz range. By using 1.OV
supply voltage for the VCO, TSPC and other digital
circuits, we have achieved extremely high power
efficiency. Total power consumption using 0.18itm
CMOS technology is only 3.48mW while the phase
noise is -1 12dBc/Hz at 1 MHz offset from 2.44GHz.
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Figure 7: Frequency settling performance with various
gain mismatches

Overall designed performance is summarized in
Table 1. Our frequency synthesizer has 2.4GHz
ZigBee compliant frequencies from 2400MHz to
2480MHz. While the phase noise is -112dBc/Hz at
1MHz offset from 2.44GHz output frequency, total
power consumption excluding the 50Q output driver
buffer is only 3.48mW. Our result has extremely low
active power consumption and very good power
efficiency. By using the lowered 1.OV supply
voltage for the power hungry circuits and modifiedTSPC topologies for the frequency divider, we have
successfully reduced the total power consumption.
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Table 1: Circuit Performance Summary
_ Performance
Comments
2.5 MHz
fREF
2240 - 2780 MHz
22% tuning range
fihco
2400 - 2480 MHz
fPLL
channel s acin
Bandwidth
50 kHz
Integer-N PLL
offset
Phase Noise _____________from
-112 dBc/Hz
f 1MHz
2.44G Hz
_

-70
psec
70 sec
< 10 psec

Seling Time
Silicon Area
Power
Consumption
_____

_____

1 34pim*1 134gm

____

_____

3.48 mW

____

_

_

vAwthout
compensation

worst case,

with@ compensation
Including PADs
and ESD

Excluding 50Q
output driver

V. CONCLUSION
A new frequency synthesizer architecture with very
low power and short frequency settling time was
introduced. A two-point channel control scheme is
used for our proposed frequency synthesizer in
which a DAC with tunable gain and a linearized
VCO are used to effectively compensate the gain
mismatch between the VCO and DAC outputs.
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