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A fractional-N frequency synthesizer for WCDMA/Bluetooth/ZigBee applications∗
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Abstract: A triple-mode fractional-N frequency synthesizer with a noise-filter voltage controlled oscillator (VCO)
for WCDMA/Bluetooth/ZigBee applications has been implemented in 0.18-µm RF-CMOS technology. The pro-
posed synthesizer achieves a good phase noise lower than –80 dBc/Hz in band and –115 dBc/Hz @ 1 MHz for the
three modes, and only draws 21 mA from a 1.8 V supply. It has a high hardware sharing and a small size, only
1.5× 1.4 mm2. The system architecture, circuit design, and measured results are also presented.
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1. Introduction

With the spread of wireless applications, demands for ra-
dios, which can support multiple standards and multiple bands,
are increasing rapidly these days. Obviously, we can use mul-
tiple sets of RF blocks to handle the bands we need; however,
the number of components will increase and the chip size will
be larger. One of the best ways to mitigate these issues is to
design only one set of RF blocks to support multiple bands.

As one of the most important blocks in radios, frequency
synthesizers are widely used to provide precise local oscilla-
tion. Multi-standard radios need multi-band frequency synthe-
sizers. So, many researchers focus their attention on these syn-
thesizers. For example, dual-mode and triple-band frequency
synthesizers are proposed in papers[1, 2], respectively.

Because WCDMA is the 3rd generation standard, Blue-
tooth is important for short-distance transmission, and ZigBee
has prospects in different areas in the near future; a triple-
mode fractional-N frequency synthesizer for these applica-
tions is very useful. In this paper, the authors develop an archi-
tecture, which can enhance the hardware sharing and reduce
the size of the chip. Starting from the next part, the system ar-
chitecture, circuit design, as well as measured results will be
shown.

2. Frequency plan and system architecture

In this section we will show how to plan the frequency
range and which system architecture should be chosen for this
synthesizer.

2.1. Frequency plan

The frequency ranges for WCDMA/Bluetooth/ZigBee

applications are listed in Table 1. It can be seen that the range
is from 1.9 to 2.5 GHz, which can be realized using only one
VCO. With temperature and process variation considered, the
VCO tuning range should be designed much larger with suffi-
cient margin. Therefore, a digital and analog tuning technique
has been adopted in this design, which will be illustrated in
more detail in Section 3.

2.2. System architecture

As the channel spacing among these standards is dif-
ferent, fractional-N frequency synthesizers are better than in-
teger ones and become one of the best solutions for multi-
standard applications. The fractional-N frequency synthesiz-
ers also have the following advantages:

(1) Realizing high frequency resolution;
(2) Higher reference frequency used, avoiding higher di-

vision ratios;
(3) Bandwidth of the loop not limited by the channel

spacing.
A 20 MHz reference frequency leads to division ratios

ranging from 96 to 125. In this case, we can use the constant
charge pump current and loop filter for the three modes with-
out changing the bandwidth of the loop too much. So, all parts
can be reused in this design. The hardware sharing in this work
is higher than in the structure proposed in Ref. [1].

Table 1. Requirements of WCDMA/Bluetooth/ZigBee.

Standards Frequency range (MHz) Channel spacing (MHz)

WCDMA 2110–2170(RX) 5
1920–1980(TX) 5

Bluetooth 2400–2478 1
ZigBee 2405–2480 5
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Fig. 1. Block diagram of proposed synthesizer.

To mitigate the working speed problem of multi-mode
dividers (MMD), a divide-by-4 prescaler is added. Assuming
the frequency of the VCO output signal is 2.4 GHz, then after
the prescaler, the frequency is lower than 1 GHz, which is not
high for a static divider. However, the phase noise caused by
the modulator can increase 20lgNfix (Nfix = 4 in this design)[3]

and may be higher than that caused by the VCO at high fre-
quencies. That is why a MASH1-1-1-1,∆–Σmodulator (DSM)
is applied.

The structure block of the whole proposed triple-standard
frequency synthesizer is shown in Fig. 1. Using verilog AMS,
behavioral models have been built, and a top simulation has
been done, which shows that the loop is stable and locks very
well within the required settling time.

3. Circuit design

This section describes an LC VCO using an noise filter
technique, which has a large tuning range and a low phase
noise. It also describes, in general terms, some other blocks
comprising the frequency synthesizer.

3.1. Wide range VCO with low phase noise

The VCO is one of the most significant blocks in the syn-
thesizers. In this work, an LC-tuned VCO rather than a ring-
VCO is preferred, as the former has a better phase noise per-
formance. The schematic is shown in Fig. 2. It uses a PMOS
as the tail current considering the lower flicker noise and less
substrate noise pick-up. A cross-coupled PMOS transistor pair
is added to form a negative resistance, which is equal to –2/gm,
where gm is the transconductance of each transistor. We make
sure that it is large enough to start and sustain oscillation dur-
ing the design. In general, 2/gm must be less than the resonator
tank equivalent resistance to allow for some design margin[1].

Frequency covering is one of the most important specs
in VCO design. In order to cover the whole frequency range
of the three modes, a digital tuning technique is applied and
the block is composed of 4-bit binary weighted capacitors and
switches. When the switches are on, the capacitors are added
to the tank. However, the resistors of the switches will de-
crease the Q-factor and worsen the phase noise. If the size
of the switches is large enough, the resistance can be small
and the effect can be neglected. But a large size means a large
parasitic capacitance. These capacitors are in series with the
binary weighted capacitors and cause the total capacitance not

Fig. 2. Schematic of VCO with noise filter.

Fig. 3. Contrast of phase noise.

to be equal to zero when the switches are off. So, the size of
the switches should be a trade off.

Another important spec of a VCO is the phase noise. Ac-
cording to the Leeson model, the phase noise can be expressed
as

L (∆ω) = 10 lg

2FkT
Psig

1 + (
ω0

2Q∆ω

)2 (1 + ∆ω1/ f 3

∆ω

) , (1)

where F is a factor to account for the increased noise in the
1/(∆ω)2 region,ω0 is the center frequency, ∆ω is the frequency
offset, and ∆ω1/ f 3 is the boundary between the 1/(∆ω)2 and
1/(∆ω)3 regions, which is precisely equal to the 1/ f corner of
the device noise.

From the model showed above, we can use an inductor
with a high Q-factor to improve the phase noise. However,
the Q-factor of the inductor on chip in this design is not high.
So, a noise filter technique is applied to improve the phase
noise, which is similar to the one presented in Ref. [4]. The
schematic is shown in Fig. 2. A capacitance C1 is added to
shorten the noise frequency around 2ω0 to ground. Inductor
L1 is put between the tail source and common sources of the
cross-coupled pair. It is chosen to resonate at 2ω0 in parallel
with C2, and provides a high impedance, which is limited only
by the quality factor of the inductor L1 at a narrow band fre-
quency around 2ω0. This noise filter composed of L1 and C1

stops the noise at 2ω0, affecting the VCO phase noise. Based
on the simulation, the phase noise is lower than –121 dBc/Hz
at 600 kHz offset frequency from 2 GHz, which improves by
6 dB with a noise filter technique as show in Fig. 3.

The power consumption of the VCO is 16.2 mW, accord-
ing to the figure of merit (FOM) definition of a VCO in Eq. (2)
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Fig. 4. Schematic of charge pump.

Fig. 5. Current mismatch of the proposed charge pump.

in Ref. [5]. The FOM of this VCO is equal to about –181. The
data illustrates that the performance of this VCO is good.

FOM = L ( fm) + 10 lg

( fm
f0

)2

PDC

 , (2)

where L ( fm) is the SSB phase noise measured at the offset
frequency fm from the oscillation frequency f0, and PDC is the
DC power dissipation in mW.

3.2. Charge pump design

Charge pumps (CP) are also key blocks in the design
of frequency synthesizers based on PLLs. Their function is
to transform time information into current with a phase fre-
quency detector (PFD). They actually operate in a discrete-
time manner, which causes spectrum folding. This folding ef-
fect produces phase noise around offset frequencies of N-times
the reference frequency ωref(N = 1, 2, 3, . . . ). The reference
spur is the phase noise around the offset frequency ωref .

As the current mismatch generates deterministic and pe-
riodic ripples of the VCO control voltage[6], a high perfor-
mance charge pump with a cascode transistor added to im-
prove the current mismatch and increase the output resistor is
designed in this work. The schematic is shown in Fig. 4, where
M1, M4 are the cascode transistors, M3, M6 are the switches,
and M2, M5 are the current sources.

The simulation result is shown in Fig. 5. Considering the
corners (ff, tt, ss), the current mismatch can be lower than 4%
with a linear range of 0.4–1.4 V.

Fig.6. Divide-by-2 divider.

3.3. Prescaler, multi-mode divider, and DSM design

As the frequency of the VCO output signal can reach
around 2.5 GHz, a higher speed divider must be chosen. The
divider based on a true single-phase clocked register (TSPCR)
can work at high speeds. However, a divider of this kind is sen-
sitive to the amplitude of the signal. In general, the signal from
a VCO buffer is not rail-to-rail. If a TSPCR divider is applied,
it is probable that the divider cannot work well. So, in many
papers, the authors use another kind of divider based on cur-
rent mode logic (CML), such as in Ref. [7]. This structure can
work with a small signal amplitude (high sensitivity), although
it draws more current. In order to reduce the power, Reference
[7] presented a current-reused method by combining two con-
ventional level CML latches with a single current source and
one pair of clock transistors. To simplify the design, we just
use conventional CML dividers toformadivide-by-4 prescaler.
From Fig. 6, it is easy to see that the divide-by-2 divider con-
sists of two CML latches.

After the prescaler, a digital MMD follows, seen in Fig. 1.
A simple way to realize a programmed divider is a train of
divide-by-2/3 divider, which is similar to the one described in
Ref. [8]. The minimum division ratio of an N-stage train is 2N

and the maximum ratio is 2N+1– 1. According to the frequency
range analysis in section 2, an MMD should realize a divi-
sion ratio of 24–32; however, the ratio range must be larger if
we consider the output levels of the ∆–Σ modulator. With the
output levels of MASH1-1-1-1 from –7 to 8, the actual divi-
sion ration is 17–40. It is hard to realize this ratio without any
change of this 2/3 train structure. For example, using a 5-stage
of the simple train, we get ratios of 32–63 (25 to 26–1). If the
fifth stage is a 2/1 block not a 2/3 block, the division ratios are
16–47. The structure is shown in Fig. 7.

In order to realize a fractional division ratio, a delta-
sigma modulator is added. With the stability and noise shaping
considered, a four-order MASH1-1-1-1 is chosen. The struc-
ture is shown in Fig. 8. In this design, we chose D data with
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Fig. 7. MMD.

Fig. 8. MASH1-1-1-1.

Fig. 9. Microphotograph of the proposed synthesizer.

24 bits and realize a frequency resolution up to 1.19 Hz.

4. Measured results

The proposed frequency synthesizer is implemented us-
ing 0.18 µm RF-CMOS process. The microphotograph of the
die is shown in Fig. 9.

The frequency range of the free VCO (Fig. 10) is mea-
sured to be from 1.9200 to 2.57554 GHz which is enough for
the applications.

The whole loop locks well and has a good phase noise
performance when it is closed with a channel selection data.
Figure 11 shows the measured phase noise at a frequency off-
set of 100 kHz–10 MHz from the center frequencies 2.314 and
2.031 GHz, respectively.

Based on the measured results above, the performance of
the proposed synthesizer is listed in Table 2.

Fig. 10. Frequency range of the VCO.

Fig. 11. Phase noise of the frequency synthesizer: (a) The loop locks
at 2.314 GHz; (b) The loop locks at 2.031 GHz.

Table 2. Performance of the proposed synthesizer.

Parameter Value

Frequency range 1.9200–2.5755 GHz
Frequency resolution < 2 Hz
Integrated noise 3 degree
Phase noise @ 1 MHz –120 dBc/Hz for WCDMA,

–115 dBc/Hz for BlueTooth
and ZigBee

Power 38 mW
Area 1.5 × 1.4 mm2

Technology 0.18 µm RF-CMOS

5. Conclusions

In this paper, a triple-standard fractional-N frequency
synthesizer for WCDMA/Bluetooth/ZigBee has been imple-
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mented in 0.18-µm RF-CMOS technology. This frequency
synthesizer has a low phase noise with a wide range. In the
synthesizer, a high performance VCO with a noise filter and a
low current mismatch charge pump is adopted. The measured
results show that the frequency synthesizer proposed meets the
demands of the three standards.
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