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Abstract: A 0.20–2.43 GHz fractional-N frequency synthesizer is presented for multi-band wireless communication systems, in 
which the scheme adopts low phase noise voltage-controlled oscillators (VCOs) and a charge pump (CP) with reduced current 
mismatch. VCOs that determine the out-band phase noise of a phase-locked loop (PLL) based frequency synthesizer are optimized 
using an automatic amplitude control technique and a high-quality factor figure-8-shaped inductor. A CP with a mismatch sup-
pression architecture is proposed to improve the current match of the CP and reduce the PLL phase errors. Theoretical analysis is 
presented to investigate the influence of the current mismatch on the output performance of PLLs. Fabricated in a TSMC 0.18-µm 
CMOS process, the prototype operates from 0.20 to 2.43 GHz. The PLL synthesizer achieves an in-band phase noise of 
−96.8 dBc/Hz and an out-band phase noise of −122.8 dBc/Hz at the 2.43-GHz carrier. The root-mean-square jitter is 1.2 ps under 
the worst case, and the measured reference spurs are less than −65.3 dBc. The current consumption is 15.2 mA and the die occupies 
850 µm×920 µm. 
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1  Introduction 
 

Fractional-N phase-locked loop (PLL) based 
frequency synthesizers have gained popularity in 
multi-band wireless communication systems as local 
oscillators (de Muer and Steyaert, 2002; Temporiti 
et al., 2004; Hedayati et al., 2009). A critical chal-
lenge in PLL synthesizers is to achieve a wide output 
frequency range together with low spurs and low 
phase noise. Spurs can create a reciprocal mixing 
problem (Gao et al., 2010), and poor phase noise 
would degrade the noise floor and the selectivity of a 
multi-standard reconfigurable transceiver. 

Much research has been done to reduce the phase 
noise and enlarge the frequency range of the PLL 
synthesizer. In Hara et al. (2010) and Deng et al. 
(2012, 2014), injection locking techniques were used 
to achieve high-performance PLLs which suffer from 
limited fractional resolution and large spurs caused by 
a periodic hard refresh. Digital PLLs are increasingly 
used because of the tolerance in the low supply 
voltage and device leakage (Chang HH et al., 2008; 
Hsu et al., 2008; Liao et al., 2017; Wu et al., 2017), 
whereas the spurious tone and phase noise perfor-
mances are inferior to that of the analog PLLs. In 
Chang WS et al. (2014), Narayanan et al. (2016), 
Sharkia et al. (2018), and Zhang et al. (2019), 
sub-sampling PLLs were employed to realize low 
phase noise, but the limited acquisition range in fre-
quency and the difficulty in integration have pre-
vented them from being widely used in transceivers. 
A classical charge pump (CP) PLL architecture 
(Nuzzo et al., 2009; Osmany et al., 2010; Yu SA et al., 
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2011) is always the most widely implemented in 
fractional-N synthesizers to meet the multi-standard 
application requirements of low phase noise, wide 
frequency range, and low spurs. 

In view of the studies mentioned above, the 
conventional CP PLL topology is employed in this 
study. To reduce the in-band CP noise and out-band 
oscillator noise, a reduced current mismatch CP and a 
high-performance voltage-controlled oscillator (VCO) 
are proposed. The presented PLL achieves a fre-
quency range of 0.20–2.43 GHz, low spurs, and low 
phase noise. 
 
 
2  The proposed VCO topology 
 

VCO is one of the key components in PLLs. To 
apply VCOs to multi-band wireless communication 
systems, it is highly desirable to keep the frequency 
range of the VCO as wide as possible. Moreover, 
VCO needs to achieve low phase noise and low power 
consumption. Several methods, such as the active- 
core transistor switching technique (Yoon et al., 2014), 
inductive tuning, and transformer (Ruippo et al., 2010; 
Italia et al., 2012), have been employed to design 
wideband VCOs, but suffer from limited phase noise 
performance. To realize wideband output together 
with low VCO gain and high performance, two VCO 
cores with similar topologies are designed and used in 
this study. 

In a wideband VCO design, the quality factor of 
the inductor (Qind) has a great influence on the startup 
constraints and phase noise. A higher Qind makes the 
VCO more likely to start up and gives lower phase 
noise. In addition, with the complemetary metal- 
oxide semiconductor (CMOS) technology scaling 
down, the magnetic coupling problems could no 
longer be ignored in circuits that include inductors. 
Therefore, the design of a high-quality-factor induc-
tor with enhanced isolation is a matter of cardinal 
significance. 

On the other hand, the steady-state oscillation 
amplitude is important in wideband VCO design. A 
small amplitude restricts the phase noise performance, 
while a large one makes the VCO operate in a  
voltage-limited mode, which causes unnecessary 
power consumption and degradation in phase noise. 
Furthermore, a large amplitude variation in wideband 

VCOs complicates the design of blocks which are 
connected to the end of a VCO in a PLL. Thus, for 
practical designs, we need to find some solutions to 
control the amplitude. 

In this study, an automatic amplitude control 
(AAC) technique is employed in the VCO core to 
help sustain an optimal amplitude across the tuning 
band. Meanwhile, an optimized high-quality-factor 
figure-8-shaped inductor is used to ameliorate phase 
noise and reduce magnetic coupling. 

The proposed low-phase-noise wideband VCO 
is illustrated in Fig. 1. The start-up condition is de-
scribed as 

 

m
osc ind

,g
LQ




                            (1) 

 
where gm represents the transconductance, L the in-
ductance, α the design margin factor, and ωosc the 
oscillation frequency. The maximum gm is needed on 
the low end of the tuning band. There is significant 
excess in gm in the high end of the tuning band when 
gm is fixed across the tuning range. The redundant gm 
would cause extra power consumption, and two op-
erating regions should be discussed (Berny et al., 
2005). 

A wideband VCO works in a current-limited 
mode over the lower portion of the frequency band 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  The proposed voltage-controlled oscillator (VCO)
with an automatic amplitude control (AAC) circuit and a 
figure-8-shaped inductor 
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and operates in a voltage-limited mode over the 
higher portion of the tuning band. In the current- 
limited mode, the phase noise is inversely propor-
tional to the amplitude. When the amplitude is ex-
cessive and the VCO works in the voltage- 
limited mode, the phase noise would increase rather 
than decrease, as illustrated in Fig. 2a. As a result, an 
AAC circuit composed of PM1–PM4 is used. The 
peak detector realized by PM1 and PM2 detects the 
upper peak voltage of the VCO to control I3 and I4. 
When the amplitude goes up, the large peak voltage 
makes I3 and I4 go down to decrease the amplitude, as 
shown in Fig. 2b. Thus, the VCO can be prevented 
from working in a voltage-limited mode. Fig. 3 shows 
the simulated phase noise with and without the AAC 
circuit, in which the phase noise at the high end of the 
tuning band is reduced by up to 3.4 dBc/Hz with the 
AAC circuit. The proposed AAC circuit helps the 
VCO core operate in the upper edge of the current- 
limited region for optimal phase noise performance 
over the whole tuning range. 

With the CMOS technology scaling down, the 
magnetic coupling has significant effects on the cir-
cuit blocks due to the widely used on-chip inductors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Mahmoud et al., 2016). A figure-8-shaped inductor is 
adopted to reduce the coupling because the magnetic 
fields in the two loops of the figure-8-shaped inductor 
are opposite and tend to cancel out each other. To 
prove the effectiveness of the figure-8-shaped in-
ductor in coupling reduction, the coupling evaluated 
by S21 is simulated in two different configurations. As 
shown in Fig. 4a, two 550-pH conventional octagonal 
inductors make up configuration A. In configuration 
B, a 550-pH octagonal inductor and a 550-pH  
figure-8-shaped inductor are used. The separation 
distance between these two inductors in each config-
uration is 500 µm. Fig. 4b illustrates the simulated  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Simulated VCO phase noise at 1 MHz with and 
without AAC circuit 

Fig. 4  Two different configurations (a) and coupling 
comparison (b) 

Fig. 2  Phase noise vs. amplitude at 1 MHz (a) and simu-
lated transient of VCO (b) 
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coupling results, and the coupling reduction of 
19.3 dB is realized at 2.6 GHz using a figure-8- 
shaped inductor. 

On the other hand, Qind must be high enough to 
optimize the phase noise and relax the start-up con-
dition (Lim et al., 2016). Therefore, a metal parallel-
ing technique is used to increase the quality factor of 
the figure-8-shaped inductor. A three-dimensional 
inductor layout view of the used figure-8-shaped 
inductor is shown in Fig. 5. Metal 6 and metal 5 are 
used for the main coils, and metal 4 and metal 3 are 
employed for the cross-point sections. The measured 
inductance is 550 pH and the quality factor reaches 
20.1 at 4.8 GHz. 

 
 
 
 
 
 
 
 
 
 
 

 
 
The high-band VCO (VCOH) and the low-band 

VCO (VCOL) have similar topologies. Different from 
the metal-insulator-metal (MIM) capacitor employed 
in the VCOL, the switched capacitor bank in the 
VCOH is designed using N-channel metal-oxide 
semiconductor (NMOS) capacitors for comparison. 
Using the strategies investigated above, the VCOL 
achieves 2.24–3.96 GHz wideband output, while the 
VCOH operates from 3.20 to 4.86 GHz and the phase 
noise is lower than −117.7 dBc/Hz. 
 
 
3  The proposed CP with reduced current 
mismatch 
 

CP, which is a key component of most PLLs, 
introduces significant non-ideal effect of current 
mismatch. In integer-N PLLs, the current mismatch 
causes reference spurs. Nonlinearity is introduced by 
the current mismatch in a fractional-N PLL, which 
creates fractional spurs and worsens in-band noise. 
Several methods have been employed to improve the 

current match of CPs. A successive approximation 
register (Liang et al., 2008; Yu YH et al., 2018) and a 
signed counter (Jeong et al., 2013) have been used to 
calibrate the current mismatch, but these techniques 
require a long time and it is difficult to compensate for 
the changeable phase errors in fractional-N PLLs 
using these techniques. In Huh et al. (2005) and Chiu 
et al. (2009), a digital controller and a replica CP have 
been used to improve the current match, but a mis-
match that limits the improvement exists between the 
main and the replica CPs. We propose a CP circuit 
with two rail-to-rail operational amplifiers to address 
the above-mentioned issues, resulting in perfect cur-
rent match characteristics that are highly beneficial to 
the optimizations in in-band noise and spurs. 

3.1  Analysis of current mismatch 

A conventional CP and phase frequency detector 
(PFD) are illustrated in Fig. 6a. The phase difference 
between the reference clock (FREF) and the feedback 
divider output (FDIV) is detected by the PFD, and the 
outputs of UP and DN are generated to regulate the CP. 
As described in Fig. 6b, the rising edges of UP and 
DN occur at the rising edges of FREF and FDIV, and the 
falling edges of UP and DN occur at the point when 
the later rising edge goes through a delay of TD. The 
delay should be of a proper value to avoid a dead zone 
and to minimize the CP output current ripple. The 
sourcing current (IUP) and sinking current (IDN) are 
nominally equal; however, in practice, the non-ideal 
factors, such as the finite output impedances, different 
dropping voltages, and component mismatches, result 
in mismatch. Assuming that the CP current mismatch 
is ΔICP, then 

 

UP CP CP

DN CP CP

2,
2,

I I I

I I I

 
   

                   (2) 

 
where ICP is the average of IUP and IDN. During the nth 
reference period, ΔTn represents the time difference 
between the FREF and FDIV rising edges. The charge 
carried by iCP(t) is expressed as 
 

CP
CP CP D CP[ ] .

2n n

I
Q n T I T I T


            (3) 

 
The desired CP output is described by the 

right-hand first term of Eq. (3). The right-hand second 

Fig. 5  Three-dimensional inductor layout view of the used 
figure-8-shaped inductor 
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term of Eq. (3) is a constant error resulting from the 
mismatch of IUP and IDN, which is the main cause of 
the reference spur. The right-hand third term of Eq. (3) 
is nonlinear, and would worsen in-band noise and 
induce fractional spurs (Wang et al., 2008). A  
pedestal-based linearization technique used in Pa-
marti et al. (2004) can introduce an additional charge 
to cancel out the right-hand third term, but suffers 
from degradation in reference spurs and phase noise. 
Referring to Eq. (3), an effective method is to elimi-
nate ΔICP, which could effectively improve CP line-
arity and significantly reduce different kinds of spurs 
and phase noise. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  CP design 

The architecture of the proposed CP is sketched 
in Fig. 7. The CP is driven by differential outputs of a 
conventional PFD, in which the complementary input 

switches minimize clock feed-through and charge 
injection. The current mirrors are made up of tran-
sistors MP1–MP4 and MN1–MN3. Two rail-to-rail 
operational amplifiers, Opa1 and Opa2, are used to 
maintain the current match as Vout changes. As indi-
cated in Fig. 7, Vout and V1 are exactly equal as a result 
of the clamping function of Opa1, so the match be-
tween the sinking and sourcing currents can be 
guaranteed. Assuming that Vout increases and that the 
output of Opa1 decreases, then the gate voltage of 
MN1 decreases. I1 decreases with a decrease of gate 
voltage, causing I2 to be larger than I1 and a part of I2 
to flow into Opa1. Meanwhile, the gate voltage of 
MN2 decreases, bringing an increase of V1, and then 
the output of Opa1 increases. Due to the dynamic 
feedback calibration, the output of Opa1 will be stable 
and no current flows into Opa1; thus, I2 and I1 are 
equal again. Because IUP and IDN are mirrored from I2 
and I1, respectively, IUP will match IDN well when Vout 
changes. Moreover, a negative feedback loop and a 
positive loop are simultaneously introduced by Opa1, 
and a capacitor of C0 is therefore employed to stabi-
lize the loop. Opa2 is used as a unity-gain amplifier to 
minimize the charge sharing, which may cause ripples 
in the CP output voltage. The rail-to-rail structure is 
used in Opa1 and Opa2 to achieve current match over a 
large output voltage range. The other transistors bi-
ased at power or ground are employed for device 
match. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
With all the designs investigated above, IUP and 

IDN achieve perfect match. Fig. 8 illustrates the sim-
ulated gain of the PFD and CP. The input frequency is 
24 MHz and the CP current is 300 μA. By simulating 
the average CP output current as a function of the 

Fig. 6  Conventional phase frequency detector (PFD) and 
charge pump (CP) (a) and time diagram (b) Fig. 7  The proposed CP topology 
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phase error at the PFD input and by differentiating the 
result, the gain is calculated. The slope of the gain 
curve is approximately −0.65 μA/rad2, showing good 
CP linearity. Fig. 9 shows the simulated match char-
acteristics. The sourcing and sinking currents match 
well within a CP output voltage range of 0.15–1.64 V. 
With a current of 100 µA, the CP approaches current 
mismatch of less than 0.16%, which is highly bene-
ficial to spurs and in-band noise. Fig. 10 shows the 
Monte-Carlo simulation results of the match charac-
teristics including the effect of device mismatch and 
process variation at 27 °C. The current mismatch 
shows a standard deviation of 313 nA and a mean 
value of −27 nA involving 500 samples, which indi-
cates that the current mismatch of 93% of samples is 
less than ±0.55%. Table 1 gives the current mismatch 
at typical (TT), fast (FF), and slow (SS) process cor-
ners with supply voltage and temperature variations. 
As we can see in Table 1, the current mismatch is less 
than ±0.25% with the influences of process spread 
and the fluctuation of temperature and supply voltage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4 Low-phase-noise wideband-frequency 
synthesizer 
 

Fig. 11 illustrates the top architecture of the 
proposed PLL synthesizer. The structure of the PFD is 
the same as that in Fig. 6, which is made up of several 
necessary D-flip flops (DFFs) and logic gates. DFFs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Current mismatch with the variation of process corners, supply voltage, and temperature 

Corner.volt.temp. ΔICP (%) Corner.volt.temp. ΔICP (%) Corner.volt.temp. ΔICP (%) 
TT.1.62V.−45°C −0.11 SS.1.62V.−45°C −0.02 FF.1.62V.−45°C −0.22 
TT.1.62V.27°C −0.14 SS.1.62V.27°C −0.05 FF.1.62V.27°C −0.13 
TT.1.62V.125°C −0.07 SS.1.62V.125°C −0.06 FF.1.62V.125°C −0.06 
TT.1.8V.−45°C −0.24 SS.1.8V.−45°C −0.03 FF.1.8V.−45°C −0.11 
TT.1.8V.27°C −0.16 SS.1.8V.27°C −0.04 FF.1.8V.27°C −0.08 
TT.1.8V.125°C −0.04 SS.1.8V.125°C −0.06 FF.1.8V.125°C −0.06 
TT.1.98V.−45°C −0.13 SS.1.98V.−45°C −0.25 FF.1.98V.−45°C −0.07 
TT.1.98V.27°C −0.06 SS.1.98V.27°C −0.13 FF.1.98V.27°C −0.04 
TT.1.98V.125°C −0.02 SS.1.98V.125°C −0.04 FF.1.98V.125°C   0.03 

Fig. 10 Monte-Carlo simulation results of match 
characteristics 

Fig. 9  Simulated current match characteristics with a 
1.8-V supply and a typical process corner (TT) 

Fig. 8  Simulated gain vs. input phase error
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are designed using a true-single-phase-clock structure 
to save power and reduce the die size. A simple in-
terface circuit, in which a single-ended signal is 
converted into differential signals, exists between 
PFD and CP. The two-core VCO tunes from 2.24 to 
4.86 GHz. A MASH-1-1-1 Delta-Sigma modulator 
(DSM) and a multi-modulus divider (MMD) are used 
to achieve fractional frequency division. Instead of 
the pulse swallow divider architecture, the divide-by- 
2/3 cells are used for a wide division range and low 
power consumption. Moreover, the divider ratio 
dithering achieved by the MASH-1-1-1 DSM with an 
MMD reduces the quantization noise and conse-
quently further suppresses the in-band phase noise. 
An output divider with a division ratio of M 
(M=2/4/8/16) is used between the PLL output and the 
VCO output, which doubles the VCO frequency and 
thus avoids the pulling effect from the power ampli-
fier (PA) in the transceiver. Meanwhile, the output 
divider is employed to enlarge the PLL output fre-
quency range and provide the mixer with quadrature 
local oscillation signals. An automatic frequency 
control block is used to realize coarse tuning, which 
has not been displayed in Fig. 11 for brevity. 
 
 
 
 
 
 
 
 
 
 

 
5  Measurement results 
 

A PLL synthesizer using the proposed VCO and 
CP is fabricated in a TSMC 180-nm CMOS process. 
A die photomicrograph with an integrated loop filter 
is shown in Fig. 12, and the die size is 850 µm× 
920 µm. To reduce the noise coupling between the 
digital blocks and the VCO, vertical guard rings are 
employed. The measurements are carried out using a 
low-noise crystal oscillator of 24 MHz as a reference 
clock. 

The measured VCO tuning curves are illustrated 
in Fig. 13 with the tuning voltage changing from 0.30 
to 1.50 V. The measured frequency band of VCOH is 

3.20–4.86 GHz, and the frequency of VCOL varies 
from 2.24 to 3.96 GHz. The measured phase noise and 
simulated phase noise of VCOL and VCOH are illus-
trated in Fig. 14, and the largest phase noise is 
−117.7 dBc/Hz at the 4.86 GHz carrier. 

The measured output spectra at 0.72 and 
2.43 GHz are shown in Fig. 15. At 0.72 GHz, the level 
of reference spur is as low as −72.2 dBc. The refer-
ence spur and fractional spur at 2.43 GHz are −65.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11  Implemented fractional-N PLL

Fig. 12  Chip photograph of the synthesizer 

Fig. 13  Measured VCO tuning curves: (a) VCOL; (b) 
VCOH 
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and −79.8 dBc, respectively. The measured PLL 
phase noise is shown in Fig. 16. At 2.43 GHz, the 
phase noise is −122.8 dBc/Hz at 1 MHz offset and 
−96.8 dBc/Hz at 10 kHz. The phase noise at 0.72 GHz 
is −133.6 dBc/Hz at 1 MHz offset, and a phase noise 
of −106.2 dBc/Hz is achieved at 10 kHz offset. The 
root-mean-square (RMS) jitters are about 0.62 and 
0.96 ps at 0.72 and 2.43 GHz, respectively. Fig. 17 
shows the measured RMS jitter and spot phase noise 
over the 0.20–2.43 GHz frequency band, in which the 
spot phase noise at 1 MHz offset is −122.8 dBc/Hz 
under the worst case and the RMS jitter is below  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.2 ps. The proposed CP and VCO with lower noise 
are beneficial to the in-band and out-band noise, re-
spectively. The measured out-band fractional spurs 
are less than −71 dBc, and the measured less- 
attenuated in-band fractional spurs are less than 
−50 dBc. Fig. 18 shows the reference spurs over the 
working band, which are less than −65.3 dBc. Table 2 
summarizes the chip characteristics and provides 
comparisons with other PLL synthesizers. Using the 
proposed VCO and CP, the proposed PLL synthesizer 
achieves a wide output frequency range, low phase 
noise, and comparable figure of merit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15  Measured output spectra at 0.72 GHz (a) and 2.43 GHz (b) 

Fig. 16  Measured phase noise of the PLL synthesizer at 0.72 GHz (a) and 2.43 GHz (b) 

Fig. 17  Measured RMS jitter and spot phase noise over
the 0.20–2.43 GHz frequency band 

Fig. 14  Simulated phase noise and measured phase noise 
of VCOL and VCOH 
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6  Conclusions 
 

A low phase noise wideband fractional-N 
phase-locked loop (PLL) synthesizer with an opti-
mized voltage-controlled oscillator (VCO) and a 
charge pump (CP) has been presented. An automatic 
amplitude control (AAC) technique and a high- 
quality-factor figure-8-shaped inductor have been 
used to improve the performance of the proposed 
VCO. A circuit architecture that flexibly adopts two 
rail-to-rail operational amplifiers has been proposed 
to improve the CP current match and the linearity. 
Using the techniques mentioned in this study, the spot 
phase noise at 1 MHz offset was −122.8 dBc/Hz un-
der the worst case, the root-mean-square (RMS) jitter 
was below 1.2 ps within the whole 0.20–2.43 GHz 
output range, and the reference spurs were less than 
−65.3 dBc. 
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Fig. 18  Measured reference spur vs. output frequency 
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