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Abstract—This paper presents a novel frequency-offset tech-
nique to enhance operating range of frequency synthesizers
for long-term evolution-advanced and cognitive-radio applica-
tions. Conventional wideband frequency synthesizers typically
have complex architectures, such as multiple phase-locked loops
(PLLs), multiple voltage-controlled oscillators, and multiple
mixers, to increase operating range. These complex architectures
have high cost and power consumption. In this study, the proposed
technique substantially increases the operating range of the fre-
quency synthesizer by using only a single PLL to simultaneously
lock two mixing oscillators. The presented frequency synthesizer
is implemented using 0.18- m CMOS technology. Performance
tests demonstrate that the frequency synthesizer achieves a very
wide operating frequency range from 50 MHz to 4.8 GHz with
a phase noise lower than 100 dBc/Hz at a frequency offset of
100 kHz. The period of stability for a switching frequency of
40 MHz is shorter than 40 s.

Index Terms—Cognitive radio (CR), long-term evolution-ad-
vanced (LTE-A), phase-locked loop (PLL), wideband frequency
synthesizer, wideband voltage-controlled oscillator (VCO).

I. INTRODUCTION

S MARTPHONE use has increased globally because of their
many capabilities and their convenience for downloading

and uploading information through diversifiedwireless systems.
The rapid adoption of smartphones requires new technologies
for maximizing usage of the fractional spectrum. The long-term
evolution-advanced (LTE-A) system adopts a carrier aggrega-
tion technique to expand its bandwidth. The technique aggre-
gates up to five 20-MHz-wide channels from inter-bands or
intra-bands [1]. This adaptive carrier aggregation forms a log-
ical 100-MHz-wide bandwidth. The IEEE 802.22 wireless re-
gional area network (WRAN) uses the cognitive-radio (CR)
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technique to exploit white spaces in the TV spectrum [2]. How-
ever, both highly spectrum efficient wireless systems use wide-
spread fractional spectrum. According to specifications, smart-
phones require an operating range from 50 MHz to 3.8 GHz for
supporting both IEEE 802.22 and LTE-A systems [1], [2]. The
operating range may be even wider as the CR technique is in-
troduced to higher frequency bands. This wide operating range
is a major challenge for the frequency synthesizers that provide
local oscillators (LOs) for up-and down-conversion of modu-
lated signals in RF transceivers [3]. The main bottleneck of this
challenge is that a single voltage-controlled oscillator (VCO)
in a traditional frequency synthesizer is incapable of oscillating
from 50 MHz to 3.8 GHz with a fractional bandwidth close to
200%.
Several wideband frequency synthesizer architectures have

been proposed to increase operating range. Fig. 1(a) shows how
a wideband frequency synthesizer can be achieved by using
multiple phase-locked loops (PLLs), each of which covers a
specified band [3]–[10]. Additionally, the operating range can
be expanded without increasing the number of PLLs by mixing
PLL outputs to cover specified bands. The main disadvantage
of this architecture is that using multiple PLLs increases both
cost and power consumption. Fig. 1(b) shows a wideband fre-
quency synthesizer that uses multiple VCOs in a PLL [11]–[13].
The PLL locks one VCO at a time to cover a specified band.
Compared to architecture with multiple PLLs, this approach has
lower cost and power consumption at the expense of system sta-
bility.
Fig. 1(c) presents a wideband frequency synthesizer that uses

multiple band-selecting dividers and mixers [14]–[25]. This ar-
chitecture requires only one PLL and VCO to synthesize a fun-
damental frequency. All other specified frequencies are syn-
thesized by repeatedly dividing and mixing the fundamental
frequency. Therefore, this wideband frequency synthesizer re-
quires complex and precise frequency planning [15]. Addition-
ally, it requires complex filter banks for removing spurious and
image signals are created in complex signal mixing. The com-
plex filter banks not only increase the cost of the frequency
synthesizer, but they also complicate integration. Moreover, the
above wideband frequency synthesizers only cover specified
commercial bands. Increasingly complex circuitry is required
as new bands are included in the system.
In this paper, a novel frequency-offset technique is proposed

to expand the operating range of a frequency synthesizer. The
proposed technique enables one PLL to lock and output the
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Fig. 1. Conventional wideband frequency synthesizer using: (a) multiple PLLs,
(b) multiple VCOs, and (c) multiple band-selecting dividers and mixers.

mixing frequency of two oscillators, where one is permanently
free running. Accordingly, a wideband CMOS frequency syn-
thesizer design is presented to validate the effectiveness of the
proposed technique. In contrast with the conventional wideband
frequency synthesizers mentioned above, the presented synthe-
sizer has a continuous ultra-wide tuning range and a relatively
simple architecture.

II. ARCHITECTURE AND SYSTEM ANALYSIS

A. Architecture

Fig. 2 presents the proposed wideband frequency synthesizer
that exploits a novel frequency-offset technique. In contrast with
a conventional offset-PLL that uses two PLLs in a fractional-
synthesizer to reduce quantization noise and avoid frequency
pulling [26], the proposed synthesizer resembles a conventional
offset-PLL, except that its operating range is increased using a
free-running VCO to up-convert or down-convert the frequency
of the main VCO. The PLL then locks and outputs the con-
verted frequency. The system architecture is simplified by using

Fig. 2. 50-MHz–4.8-GHz wideband frequency synthesizer using the proposed
frequency-offset technique.

a single wideband mixer for both up- and down-conversion. Ac-
cordingly, the synthesizer uses a fifth-order low-pass filter (LPF)
and a fifth-order high-pass filter (HPF) as band-selecting fil-
ters. Either up- or down-conversion type can be determined by
simply switching between the LPF and HPF. Since the cutoff
frequencies of these filters are generally far away from the PLL
bandwidth, the dynamics of the synthesizer would not be af-
fected by the filters. This unique frequency-offset mechanism
has a simpler architecture, but a larger operating bandwidth
than conventional wideband frequency synthesizers. Further-
more, the operating band of the proposed frequency synthesizer
is continuous. Hence, the complexity of the proposed architec-
ture is independent of the spectral distribution of the system.

B. Stability Analysis

Fig. 3 shows a linear model to analyze the stability of the
frequency synthesizer with the proposed frequency-offset tech-
nique in which a second-order loop filter is used. In the linear
model, denotes the combined gain of the phase-frequency
detector (PFD) and charge pump (CP), and denotes the sen-
sitivity of the main VCO. The phases of the free-running con-
version VCO and the reference signal are denoted by
and , respectively. The detected phase error is denoted by

. is the division ratio of the divider. represents the
transfer function of the loop filter and is shown as

(1)

The detected phase error can be derived as

(2)

where

(3)

(4)

(5)
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Fig. 3. Linear model of the wideband frequency synthesizer with the proposed
frequency-offset technique.

For a step variation in the phase of the reference signal and of
the conversion VCO, (3) and (4) can be respectively written as

(6)

(7)

where represents the phase step, represents a step func-
tion, and denotes the Laplace transform. Based on the final
value theory, the detected phase errors and in
the time domain as can be, respectively, found as

(8)

(9)

For a step variation in the frequency of the reference signal
and of the conversion VCO, (3) and (4) can, respectively, lead
to

(10)

(11)

where represents the frequency step. The detected phase
errors and in the time domain as can be,
respectively, found as

(12)

(13)

Equation (8), (9), (12), and (13) reveal that the proposed wide-
band frequency synthesizer can yield a locked state regardless
of variations in phase and frequency steps.

When the frequency drift of the reference signal and of the
conversion VCO occurs, (3) and (4) can, respectively, become

(14)

(15)

where and represent the rates of frequency drift
of the reference signal and the conversion VCO, respectively.
The detected phase errors and in the time do-
main as can be derived as

(16)

(17)

where

(18)

is the PLL bandwidth of the proposed frequency synthesizer.
Since both the reference signal and the conversion VCO exhibit
frequency drift, the overall detected phased error in the time
domain can be found as

(19)

Since the maximum detectable phase error of a PFD is , (19)
can be rewritten as

(20)

The condition for convergence toward a locked state can then
be found as

(21)

Under the condition described by (21), the locking process of
the proposed wideband frequency synthesizer converges toward
a locked state regardless of the variation of the reference signal
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Fig. 4. Phase-noise model of the proposed wideband frequency synthesizer.

Fig. 5. Phase-noise suppression of the proposed wideband frequency
synthesizer.

Fig. 6. Implementation of the proposed 50-MHz–4.8-GHz wideband fre-
quency synthesizer.

and of the conversion VCO. Since (18)–(21) reveal that the char-
acteristics of the conversion VCO do not affect the PLL band-
width, the proposed synthesizer takes the same stable time re-
gardless of the drift of the conversion VCO.
Theoretically, the phase margin and the gain margin of

the open-loop gain determine the stability of a PLL-based
frequency synthesizer in a locked state. With reference to
Fig. 3, the open-loop gain of the proposed wideband frequency
synthesizer is derived as

(22)

TABLE I
FREQUENCY PLANNING OF THE PROPOSED 50-MHz–4.8-GHz

WIDEBAND FREQUENCY SYNTHESIZER

Fig. 7. Bode plot of the proposed wideband frequency synthesizer.

Fig. 8. Implemented CMOS chip of the 50-MHz–4.8-GHz wideband fre-
quency synthesizer and test board.

Equation (22) indicates that the open-loop gain of the synthe-
sizer is independent of the characteristics of the conversion
VCO. Accordingly, the free running of the conversion VCO
does not affect the stability of the proposed wideband synthe-
sizer in a locked state.

C. Phase-Noise Analysis

The in-band phase noise of the synthesizer should be min-
imized since the LTE-A and IEEE 802.22 systems apply or-
thogonal frequency-division multiplexing (OFDM) technique
to provide high spectral efficiency[27]. Fig. 4 presents the phase
noise model that is used to analyze the suppression of the phase
noise in the proposed frequency synthesizer. The phase noise
from the main VCO, from the conversion VCO and from the
reference signal, is denoted by , , and ,
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Fig. 9. Measured output spectra of the proposed frequency synthesizer at: (a) 50 MHz, (b) 1.6 GHz, (c) 3.2 GHz, and (d) 4.8 GHz.

respectively. The output phase noise of the proposed wideband
frequency synthesizer can be derived as

(23)

where

(24)

Based on (5), (23), and (24), the suppression of the phase noise
of the synthesizer can be depicted as shown in Fig. 5. The figure
shows that the synthesizer can suppress the total phase noise of
the main VCO and the conversion VCO inside the PLL band-
width. These analytical results confirm that the synthesizer ac-
curately tunes the main VCO to track the frequency and phase
of the mixing signal and effectively suppresses the phase noise
of the mixing signal.

III. SYSTEM DESIGN

To verify the proposed frequency-offset technique that can
effectively expand the operating range, a wideband frequency
synthesizer, shown in Fig. 6, is designed and implemented using
TSMC 0.18- m CMOS technology. For a prototype test, all the
components, except for the free-running conversion VCO, the

subsequent divide-by-2 divider with a bypass switch, and the
band-selecting filters, are implemented in a CMOS chip.

A. Frequency Planning

The synthesizer is designed to operate at 50 MHz–4.8 GHz
to maximize its potential for use in wireless applications. That
is, the operation band includes not only the LTE-A and IEEE
802.22 frequency bands, but also other bands that have potential
for use in future wireless applications such as CR. To achieve
this wide operating band, the main VCO is designed to op-
erate at 2.3–3.7 GHz. The free-running conversion VCO is de-
signed to operate at a nominal frequency of 2.4 GHz. With these
specifications, the 50-MHz–4.8-GHz operating band can be di-
vided into the four sub-bands that are presented in Table I. The
first sub-band at 50 MHz–1.2 GHz is achieved by down-con-
verting the frequency of the main VCO using a 2.4-GHz free-
running signal. As the external divide-by-2 divider is enabled,
the synthesizer operates at 1.2–2.4 GHz in the down-conversion
mode. In the up-conversion mode, a 3.6–4.8 GHz carrier can be
synthesized using a 1.2-GHz free-running signal. Finally, the
2.4–3.6-GHz sub-band can be achieved simply by bypassing the
frequency-offset mechanism.

B. Circuit Design

The key design considerations of the main VCO are its oper-
ating bandwidth and phase noise. Based on the above frequency
related considerations, themainVCO requires a fractional band-
width of 47% to cover 2.3–3.7 GHz. Generally, complementary
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cross-coupled VCOs exhibit a better balance between low phase
noise and wide operating bandwidth than nMOS and pMOS
cross-coupled VCOs [28]. Therefore, the main VCO is designed
with the complementary cross-coupled architecture. The wide-
band design considerations for the VCO tank demand the use of
body-biasedMOSFETs as varactors to provide a larger variation
in capacitance than the use of conventional varactors. Hence,
the operating bandwidth of the main VCO is substantially in-
creased.
The phase-noise performance of the main VCO is optimized

by applying impedance locus design methodology [29]. Current
flow into the active circuit of the main VCO can be presented as

(25)

where and represent the magnitude and frequency of the
current, respectively. The impedance locus of the active
network and the impedance locus of the tank network can
then be determined and depicted in a complex impedance plane.
When these two loci cross each other at a particular frequency,
an included angle is obtained. If the included angle at the in-
tersection is between 0 –180 , the oscillation frequency of the
VCO is the same as that at the intersection. However, if the in-
cluded angle is 180 –360 , no oscillation occurs. Studies in [29]
have shown that the phase-noise performance of the VCO is op-
timal when the included angle is 90 .
The proposed synthesizer in Fig. 6 reveals that the fre-

quency-offset circuit, including a mixer and a switch, should
have a wide operating range of 50 MHz–4.8 GHz. The wide-
band mixer design achieves this goal using a double-balanced
passive switching architecture [30]. This passive mixer has
a wider bandwidth and a greater linearity than the active
Gilbert-cell mixer. However, since the conversion loss in the
wideband passive mixer is considerable, the insertion loss
of the wideband switch behind the mixer should be mini-
mized to maintain an acceptable PLL output power. In the
design, the wideband switch adopts the series-type single-pole
double-throw (SPDT) architecture to achieve lower insertion
loss and higher linearity than the series-shunt-type SPDT switch
[31]. Another component of the proposed wideband synthesizer
that must operate at 50 MHz–4.8 GHz is the programmable
divider in the PLL feedback loop. The designed circuit of the
divider is simplified by prescaling the synthesized frequency
by a factor of 2, reducing the operating frequency range of the
programmable divider to 50 MHz–2.4 GHz.

C. System Design

In the system design, the stability of the proposed synthesizer
is an important issue. Fig. 7 presents a bode plot of the pro-
posed 50MHz–4.8 GHz wideband frequency synthesizer, based
on (22). It can be found that the magnitude of the open-loop
gain has a considerable variation, which consequently results in
a significant variation in phase margin . To ensure that the
wideband frequency synthesizer is stable over the wide oper-
ating range, the loop filter must be designed with a center fre-
quency of the operating band. Since the frequency information

Fig. 10. Measured phase-noise performance of the proposed frequency syn-
thesizer at: (a) 4.8 GHz with comparison of simulation results and (b) over the
operating frequency range of 50 MHz–4.8 GHz.

Fig. 11. Simulated and measured stable time of the proposed frequency syn-
thesizer with switching frequency from 3.64 to 3.6 GHz.

of a bode plot is presented in log scale, the center frequency
can be found with

(26)

where and denotes the maximum and minimum op-
erating frequency of the frequency synthesizer. Based on (26),
can be re-derived as

GHz MHz MHz (27)
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TABLE II
COMPARISON OF RECENT WIDEBAND FREQUENCY SYNTHESIZERS

The wideband frequency synthesizer is then designed to have
a 100-kHz PLL bandwidth and a 60 phase margin with an
output frequency of 490 MHz. Under these conditions, Fig. 7
shows that the wideband frequency synthesizer has a phase
margin of 30 60 over the wide operating range of
50 MHz 4.8 GHz. These results reveal that proposed wide-
band frequency synthesizer is stable.

IV. EXPERIMENTAL RESULTS

Fig. 8 shows the implemented test board of the
50-MHz–4.8-GHz wideband frequency synthesizer. The main
circuit of the wideband synthesizer is fabricated using TSMC
0.18- m CMOS technology and occupies an area of about
1.38 1.38 mm of which approximately 50% is occupied by
the main VCO and 50% is occupied by the PLL, mixer, and
switch. The conversion VCO of this work is a Mini-Circuits
product with a model number of ROS-3050-819 . The
reference frequency is set as 10 and 20 MHz for a synthesized
frequency range of 50–100 MHz and 100 MHz–4.8 GHz,
respectively.
The measured frequency drift rates and

are lower than 1 rad Hz/s and 20.1 rad MHz/s, respectively.
Since is much higher than , (21) can then be
rewritten as

(28)

The maximum acceptable frequency drift rate of the free-run-
ning conversion VCO in this system is determined as

rad THz/s (29)

where is the minimum division ratio. Since the mea-
sured is much lower than , the locking
process of the implemented wideband frequency synthesizer
certainly converges toward a locked state.
Fig. 9(a)–(d) shows the measured output spectrum of the

implemented wideband frequency synthesizer at 50 MHz,
1.6 GHz, 3.2 GHz, and 4.8 GHz, respectively. These four
spectra show that the proposed frequency synthesizer works
flawlessly at the four sub-bands that are planned in Table I.
Notably, the synthesized signal at 3.2 GHz has a 6 dB higher
power than the others because it falls in the 2.4–3.6-GHz
sub-band with a bypass of the wideband passive mixer and thus
can save the 6-dB conversion loss.
Fig. 10(a) and (b) shows the measured phase-noise perfor-

mance of the proposed frequency synthesizer at the highest op-
erating frequency of 4.8 GHz and over the entire operating band
of 50 MHz to 4.8 GHz, respectively. The measured phase noise
agrees quite well with the simulation results, as can be seen in
Fig. 10(a). The measurement results at 4.8 GHz reveal that the
proposed frequency synthesizer effectively suppresses the com-
bined phase noise of the main VCO and the conversion VCO
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within the PLL bandwidth of about 40 kHz. Moreover, the mea-
sured phase noises shown in Fig. 10(b) slightly degrade as the
frequency increases. Basically, the phase noises at the low offset
frequencies that fall within the PLL bandwidth are mainly con-
tributed from the reference source, tending to increase with the
synthesized frequency because of the rise of the division ratio
of the divider. In contrast, the phase noises at the high offset fre-
quencies primarily originate from the main VCO, tending also
to increase with the synthesized frequency because of the degra-
dation of the quality factor of the tank.
Fig. 11 shows the simulated and measured stable time of the

implemented wideband frequency synthesizer for frequency
switching from 3.64 to 3.6 GHz. The measured stable time
agrees well with the simulated results. The implemented syn-
thesizer takes about 40 s to stabilize for a switching frequency
of 40 MHz.
Table II shows the comparison of recent wideband frequency

synthesizers. The proposed architecture achieves the largest
ratio of maximum to minimum operating frequency and the
widest fractional bandwidth, while it eliminates the need of
using a bunch of mixers and of band-selecting dividers. Addi-
tionally, the maximum operating frequencies of VCOs and of
dividers are much lower than those of the prior art [12]. Com-
paring with the prior arts [14], [17], [19], although this work
has an additional conversion VCO, this work achieves a much
higher ratio of maximum to minimum operating frequency.
Besides, the operating bandwidth of this work is nearly six
times the one of the prior art [14]. In contrast to the four dis-
continuously operating bands of the prior art [19], the operating
frequency band of this work is continuous. Although the con-
version VCO is external, the synthesizer’s in-band phase-noise
performance, which markedly affects the processing of OFDM
signals, would not be degraded by using an on-chip conversion
VCO instead. This is because the PLL error transfer function

that appears in (5) can effectively suppress the phase
noise of the conversion VCO within the PLL bandwidth, as
depicted in Fig. 5 and witnessed by Fig. 10(a). Therefore, even
if the conversion VCO has a worse phase noise than predicted
in Fig. 10(a), the proposed frequency synthesizer can maintain
similar phase-noise performance.

V. CONCLUSION

This paper presented a novel wideband frequency synthesizer
based on a unique frequency-offset technique for LTE-A and
CR applications. The proposed wideband frequency synthesizer
is realized using TSMC 0.18- m CMOS technology. The wide
50-MHz–4.8-GHz operating range of the synthesizer covers not
only the latest LTE-A and IEEE 802.22 frequency bands, but
also other potential frequency bands that may be released in the
future. The measured phase noise is lower than 100 dBc/Hz at
an offset frequency of 100 kHz over the entire operating band
width. The measured stable time is shorter than 40 s for a fre-
quency switching of 40 MHz.
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