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A 2.4-GHz 6.4-mW Fractional-N
Inductorless RF Synthesizer

Long Kong, Member, IEEE, and Behzad Razavi, Fellow, IEEE

Abstract— A cascaded synthesizer architecture incorporates a
digital delay-line-based filter and an analog noise trap to suppress
the quantization noise of the �� modulator. Operating with
a reference frequency of 22.6 MHz, the synthesizer achieves
a bandwidth of 10 MHz in the first loop and 12 MHz in the
second, heavily suppressing the phase noise of its constituent
ring oscillators. Realized in 45-nm digital CMOS technology,
the synthesizer exhibits an in-band phase noise of −109 dBc/Hz
and an integrated jitter of 1.68 psrms.

Index Terms—�� noise, cascaded phase-locked loop (PLL),
fractional-N synthesizer, noise filter, noise trap, PLL.

I. INTRODUCTION

RF SYNTHESIS using ring oscillators, rather than LC
oscillators, benefits from several advantages: compact,

multi-band designs, less coupling to and from other circuits,
and the availability of multiple phases. It has been demon-
strated that a certain phase-locked loop (PLL) architecture
achieves a closed-loop bandwidth around fREF/2 [1], thus
suppressing the phase noise of a ring oscillator to the level
necessary for 2.4-GHz WiFi standards such as IEEE 802.11g.
[In such standards, the phase noise is typically determined
by the signal constellation quality rather than by reciprocal
mixing, i.e., the primary figure of merit (FoM) is the inte-
grated jitter.] The natural question is how the architecture can
accommodate fractional-N operation.

The design of fractional-N synthesizers generally faces two
basic issues, namely, the phase noise peaking due to the ��
modulator’s shaped quantization noise and the noise folding
caused by the charge pump (CP) nonlinearity. The former is
typically tackled by choosing a narrow loop bandwidth, around
fREF/740 to fREF/200 [2]–[4], an impractical remedy if we
wish to rely on the loop to suppress the VCO phase noise.
The latter is addressed through the use of current or timing
offset techniques [5], [6].

This paper proposes a cascaded PLL architecture that per-
forms fractional-N synthesis and yet achieves such a wide
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Fig. 1. Conceptual synthesizer with noise filter.

bandwidth as to allow the use of ring oscillators [7]. The in-
band phase noise performance approaches that of the prior
LC-oscillator-based work.

II. PRIOR ART

Two general approaches to �� noise cancellation can be
identified in the prior art. The first incorporates a feedforward
DAC to inject into the loop filter the negative of the ��
noise traveling through the CP. This method relies on matching
between the CP and the DAC current sources and, more
importantly, assumes both the CP and the DAC are linear
enough to negligibly fold down the high-frequency shaped
noise of the �� modulator [8]. Various noise cancellation
techniques have been developed to achieve better performance
[9]–[11], but they require stringent matching or complex
calibration while still imposing a narrow-loop bandwidth.

The second approach realizes an equivalent FIR filtering
action on the �� noise through the use of multiple paths,
each consisting of a feedback divider, a phase/frequency
detector (PFD), and a CP [12]. In addition to a high power
consumption, this architecture also demands linear CPs as they
carry the unfiltered �� noise and perform the FIR summing
function at their outputs, unless a large number of CPs are
used to benefit from averaging. A related topology [13] avoids
multiple paths while utilizing a phase interpolator, but still
needs to deal with the mismatch between current sources in
the interpolator.

III. PROPOSED ARCHITECTURE

A. Noise Filter in Feedback Path

It is highly desirable to suppress the �� noise before it
reaches a potentially nonlinear stage. In this spirit, let us place
a noise filter immediately after the feedback divider (Fig. 1),
surmising that if the filter attenuates the phase noise peaks
below and above fREF, then the loop bandwidth can be
increased.

The bandpass noise filter can be implemented in ana-
log or digital forms, but it must satisfy five conditions: 1) its
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center frequency must be close enough to fREF; 2) it must
have a steep roll-off so as to provide an attenuation of more
than 80 dB at fREF ± fREF/2; 3) it must contribute negligible
noise; 4) it must be linear enough to avoid noise folding; and
5) it must not limit the loop bandwidth or degrade the stability.

The first four issues preclude an analog implementation and
the last issue merits some analysis. The passband of the filter
must be chosen such that the integrated �� noise within the
bandwidth is not prohibitively large. For a third-order ��
modulator with a 1-b quantizer, the noise is given by

Pn = 2SQ( f )

∫ fBW
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where SQ( f ) denotes the unshaped quantization noise spec-
trum and fBW the filter bandwidth. For Pn to be less than
−50 dBc, we require that fBW to be smaller than approxi-
mately fREF/40.

We thus conclude that a filter that sufficiently rejects the ��
noise also severely limits the loop bandwidth. Let us accept
this constraint for now and deal with the implementation of the
filter, recognizing that the divider output in Fig. 1 is a digital
signal and we are only interested in the output phase, φ1.
Seeking a digital solution, we delay this output to obtain φ2
and add φ2 to φ1 [Fig. 2(a)]. If the delay is long enough to
invert the phase noise components of interest, then φ1 + φ2
contains less noise. Mathematically, for a delay of TD seconds,
the filter transfer function is given by

φfilt

φ1
(s) = 1 + exp (−TDs). (2)

For s = jω, we have

φfilt

φ1
( jω) = 2e− jπ f TD cos(π f TD) (3)

which exhibits notches at f = (2n+1)/(2TD) for n = 0, 1, . . .
[Fig. 2(b)]. The voltage transfer function has the same shape,
but it is centered around fREF.

The exemplary response plotted in Fig. 2(b) exhibits peaks
equal to 2.0 between the notches and little roll-off up to
about 40% of the first notch frequency, 1/(2TD). According
to our previous calculations, this notch must be placed around
fREF/40 to attenuate the �� noise sufficiently. For a typical
value of fREF ≈ 20 MHz in WiFi applications, fREF/40 =
1/(2TD) translates to TD ≈ 1000 ns, posing formidable
challenges in the design of the delay line. In particular, if,
for example, such a large TD is realized by a chain of about
100 000 inverters, the power consumption and phase noise of
the delay line become prohibitive. Moreover, the high peaks of
the response in Fig. 2(b) still give rise to substantial unfiltered
�� noise. We deal with the delay issue in the next two
sections and with the peaks in Section V-A.

B. Synchronous Delay Line

In order to avoid the foregoing tradeoffs among delay, power
consumption, and phase noise, we utilize a synchronous delay

Fig. 2. (a) Noise filter architecture and (b) exemplary response with
TD = 10 ns.

line, i.e., a chain of flip-flops. If clocked by the 2.4-GHz VCO
output, each flip-flop contributes a delay of 417 ps, about
a factor of 40 greater than does an inverter. As illustrated
in Fig. 3(a), the idea is to realize a total delay of �T = kTVCO,
where k is the number of flip-flops and TVCO is the VCO
period. An important advantage of this approach is that the
clocking removes phase noise accumulation within the delay
line; however, the power consumed in the clock path of the
flip-flops must be managed. Specifically, for TD ≈ 1000 ns,
the design still demands about 2400 flip-flops, potentially
drawing a high power. It is possible to clock the flip-flops
by a subharmonic of the VCO output so as to increase the
delay, but such a scheme would “miss” some phase jumps at
the divider output, increasing the phase noise.

C. Cascaded PLLs

We now address the problem of the large number of flip-
flops necessary in the noise filter. We can reduce the number
of flip-flops by a factor of M if fREF is scaled up by the same
factor. This can be seen from (1), where SQ( f ) is inversely
proportional to the reference frequency. To this end, we insert
an integer-N PLL before the fractional-N loop [Fig. 3(b)].
Since N cannot be less than 2 in the latter, M has an upper
bound of about 50. The first PLL multiplies fREF ≈ 20 MHz
up to about 1 GHz, allowing the �� modulator to operate at
this frequency. Our rule of thumb of filter BW = fREF/40 thus
requires that we place the first notch at 1 GHz/40 = 25 MHz,
which translates to 48 flip-flops running at 2.4 GHz. In prac-
tice, the �� noise is also suppressed by the filter preceding
the VCO, and hence, the notch can be around 50 MHz and
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Fig. 3. (a) Noise filter with synchronous delay line and (b) conceptual diagram of cascaded fractional-N synthesizer.

Fig. 4. Integrated �� noise contribution versus second PLL reference
frequency.

the number of flip-flops can be about 24. Of course, the ��
modulator now runs at 1 GHz and can draw substantial power.
However, the high oversampling ratio dramatically reduces the
�� noise contribution, as shown in Fig. 4. As the second
PLL reference frequency increases from 100 MHz to 1 GHz,
the integrated noise drops by around 30 dB. With the noise
filter and a “trap” on the control voltage (Section V-A), it is
further reduced by 4 dB, reaching −43 dBc.

The cascading depicted in Fig. 3(b) relies on ring VCOs
in both loops, assuming that acceptably low-phase noise and
power dissipation can be achieved for the overall design.
We return to this point in Section V-B.

D. Overall Architecture

Fig. 5 shows the overall synthesizer architecture. The
fractional-N loop consists of a summing phase detector, a low-
pass filter, a noise trap, a VCO, and the feedback topology
developed in Fig. 3. We elaborate on four aspects of this loop.
We should note that the design in [15] also employs cascaded
PLLs but with an LC-VCO and a fractional-N loop bandwidth
of around 1/800 times its input frequency.

First, to produce φ1 + φ2, we first compute φin − φ1 and
φin − φ2 by means of XOR1 and XOR2, respectively, and
then sum the results with the aid of R1 and R2. Fig. 6

Fig. 5. Proposed fractional-N synthesizer architecture.

Fig. 6. XOR PDs’ waveforms.

plots the PDs’ waveforms, illustrating that the XORs compute
the error between the reference phase and the divider’s past
output phases.1 Compared with CPs, the XOR gates exhibit
negligible nonlinearity, folding no �� noise before the can-
cellation occurs at the summing node. In our prototype design,
R1 and R2 are chosen to be 4.5 k�. In the presence of
resistor variation, say 10%, the notch depth of the noise
filter is limited to about 26 dB, which is still sufficient for

1Since φ1 and φ2 in Fig. 6 can have a phase difference as large as 0.4 ns,
interpolation—rather than two XORs—would be prone to noise and jitter.
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Fig. 7. Second PLL �� phase noise contribution without or with (a) reference multiplication and (b) feedback noise filter and trap.

Fig. 8. Time-domain waveforms of VCO, divider, and FF outputs.

quantization noise reduction. Therefore, resistor calibration is
not necessary.

Second, while experiencing a notch at an offset frequency
of 50 MHz, the �� noise still travels past the summing
junction at the peaks of the response shown in Fig. 2(b).
Fig. 7(a) and (b) plot the �� noise contribution to the second
loop in different scenarios: without or with the reference
multiplication and without or with the feedback noise filter
and a “trap” on the control voltage (Section V-A), respectively.

Third, as mentioned in Section III-A, the noise filter can
potentially degrade the PLL’s stability. In the proposed archi-
tecture of Fig. 5, however, the stability remains intact because
the delay line is directly clocked by the VCO. This point can
be understood with the aid of Fig. 8. The divider output is
delayed by one TVCO by the first FF and by 24TVCO by the
entire line. To study the effect of the delay line, suppose the
VCO output experiences a small phase step at t = t1. This
step simultaneously reaches the outputs of all flip-flops. That
is, this step sees only the clock-to-output delay of one FF
rather than a value as high as 24TVCO. The phase margin is
therefore unaffected. This differs from other feedback noise
filtering techniques. For example, [14] places a PLL after the
feedback divider to suppress the �� noise, but it faces direct
bandwidth limitations and/or stability issues due to this PLL.

Fig. 9. Illustration of aliasing in the (a) general case and (b) proposed
architecture.

Fourth, noting that the divider output in Fig. 5 contains
shaped noise with peaks at 1 GHz ± 500 MHz, we ask whether
the delay line flip-flops, clocked at 2.4 GHz, create aliasing.
Such a case is depicted in Fig. 9(a). However, this effect
is absent in our architecture owing to the timing correlation
between the divider output and the delay line clock. Fig. 9(b)
illustrates the situation in the time domain, where the divider
modulus changes from 2 to 3 at t = t1, forcing the divider to
swallow one more VCO cycle. The first FF now samples the
divider output and delays it by one TVCO, and the same applies
to the remaining FFs. In other words, by virtue of the VCO
and divider timing relationship, the delayed signal maintains
its shape and duty cycle as it travels through the flip-flops,
experiencing no aliasing.

E. Effect of Nonmonotonic PD Behavior

The XOR gates in Fig. 5 act as phase subtractors and exhibit
nonmonotonic characteristics that repeat every 2π radians. The
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Fig. 10. Phase detector characteristics with (a) XORs on the same slope and (b) XORs on the opposite slopes.

Fig. 11. Small-signal model of the fractional-N loop.

Fig. 12. Integrated phase noise versus loop bandwidth for PLL2.

XORs generate equal dc outputs only if the total filter delay
TD is equal to an integer multiple of the second PLL reference
period, TREF2. In the general case, we have

TD = 24TVCO = 24TREF2

2 + α
(4)

which means the XOR dc levels are equal only for α = 0.4.
As α departs from this value, the XORs generate unequal dc
outputs, a benign effect so long as their slopes have the same
polarity [Fig. 10(a)]. On the other hand, if, for example, α rises
to 0.5, TD and φ2 fall, and φin − φ2 exceeds π [Fig. 10(b)].
With the XORs providing opposite gains, the net loop gain
may become excessively small, thereby prohibiting lock.

This issue is alleviated by means of two adjustments in
tandem with the desired output frequency. As the frequency
varies from 2.4 to 2.48 GHz, the integer-N PLL output
frequency is programmed to change from 1 GHz to 1.04 GHz
so that the delay value remains close to 10TREF2. Moreover,
the delay line length is also programmed to provide a wider
range of delay.

IV. BANDWIDTH CONSIDERATIONS

The overall phase noise in the architecture of Fig. 5 primar-
ily arises from three sources, namely, the two ring oscillators
and the �� modulator. Chosen wide enough to suppress
the second VCO’s phase noise, the second loop’s bandwidth
has little effect on the output phase noise of the first PLL.
We therefore focus on the tradeoff between the contributions of
the second VCO and the �� modulator, seeking the optimum
bandwidth.

A. Noise Transfer Functions

Shown in Fig. 11 is a small-signal model of the fractional-
N loop for calculating the transfer functions to φout from the
VCO phase noise, φVCO, and the ��-induced phase noise,
φ��. Recall from Section III-D that the feedback noise filter
does not affect the VCO signal propagation, that is, the loop
transmission seen by φVCO is given by

H1(s) = KPD HLPF(s)
KVCO

(N + α)s
(5)

where KPD denotes the PD gain and HLPF(s) the low-pass
filter transfer function. It follows that φout/φin = (N +
α)H1(s)/[1+H1(s)] and φout/φVCO = 1/[1+H1(s)], the same
as in conventional PLLs. However, the �� noise experi-
ences the filter’s transfer function; beginning from the output
in Fig. 11 and assuming R1 = R2, we can write

−
(

φout

N + α
+ φ��

1 + e−sTD

2

)
KPD KVCO

s
HLPF(s) = φout.

(6)

This gives

φout

φ��
(s) = − (N + α)H1(s)

1 + H1(s)

1 + e−sTD

2
. (7)

As expected, this result differs from that of the conventional
loop by a factor of [1 + exp (−sTD)]/2, which has a unity
peak magnitude. Simulations confirm these observations.
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Fig. 13. First stage integer-N PLL architecture.

Fig. 14. Noise trap (a) topology and (b) implementation.

B. Optimum Bandwidth

The fractional-N PLL in Fig. 5 can afford a wide loop
bandwidth for two reasons: 1) running at 1 GHz, the ��
modulator exhibits a noise peak at 500-MHz offset and hence
negligible noise for offsets as high as tens of megahertz, and
2) the feedback noise filter begins to suppress the quantization
noise from around 20-MHz offset. Nevertheless, to attenuate
the VCO phase noise aggressively, we must determine the
optimum loop bandwidth.

As derived in [16], the ��-induced phase noise at the
divider output can be expressed as

S��( f ) = π2

3(N + α)2 fREF2

1

|2 sin (π f TREF2)|2 |NTF( f )|2

(8)

where NTF( f ) denotes the noise transfer function of the ��
modulator and is discussed in Section V-C. We can now write

the �� and VCO noise contributions to the main output as

Sout( f ) = S��( f )

∣∣∣∣ (N + α)H1( jω)

1 + H1( jω)

1 + e− j2π f TD

2

∣∣∣∣
2

+ SVCO( f )
1

|1 + H1( jω)|2 . (9)

The area under Sout( f ) must be minimized. With the VCO
phase noise profile shown in Section V-B and integrating Sout
from 10 kHz to 100 MHz (where most of the energy lies),
we obtain the plot shown in Fig. 12 versus the loop bandwidth.
The fractional-N loop must therefore operate with a bandwidth
around 13 to 14 MHz. The relatively flat minimum suggests
that the architecture has a high tolerance of PVT variations.

V. BUILDING BLOCKS

In the proposed architecture of Fig. 5, the integer-N loop is
similar to that described in [1], but designed for 1 GHz, with
a varactor-tuned VCO consuming 2.7 mW. Fig. 13 shows the
integer-N PLL architecture [1]. The type-I loop incorporating
the master–slave sampling filter achieves a bandwidth close to
fREF/2 with a small reference spur. The harmonic trap further
reduces the spur by creating a short circuit to ground at the
reference frequency. The in-band noise of this PLL is less than
−120 dBc/Hz to obtain a sufficient small phase noise at the
cascaded synthesizer output, and the reference spur is less than
−60 dBc. In the following section, we describe some of the
building blocks of the fractional-N loop.

A. Loop Filter and Noise Trap
The loop filter in a fractional-N PLL typically suppresses

the �� noise so as to avoid significant far-out phase noise
peaking at the output. However, another important consid-
eration is that the nonlinearity in the VCO control path
can fold the �� noise, causing higher close-in phase noise.
Whether the first or second consideration dominates the loop
filter design depends on how nonlinear the VCO is. In other
words, the loop filter bandwidth must be narrow enough to
avoid both far-out peaking and close-in aliased phase noise.
As explained in Section III-D, though creating periodically
spaced notches, our feedback noise filter still exhibits peaks in
its response, requiring substantial filtering after the summing
junction in Fig. 5.

The low-pass filter in Fig. 5 consists of the section formed
by R1, R2, and C1, and four more cascaded RC sections,
providing poles at 14.4 MHz, 65.4 MHz, 294 MHz, 659 MHz,
and 1.11 GHz.2 This filter’s thermal noise translates to an in-
band phase noise of −140 dBc/Hz.

The LPF attenuates the �� noise voltage excursions to
47.5 mVpp. We achieve additional attenuation through the use
of the noise trap in Fig. 5. Acting as a short circuit to ground
between the first and second notches of the feedback noise
filter, the trap is realized as shown in Fig. 14(a). The trap
impedance ZT is formed by an integrator that is loaded by a
simulated inductor [17].

2If the second pole is reduced so as to provide significant attenuation at,
say, 50 MHz, then it becomes comparable to the first, thus reducing the loop
bandwidth.
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Fig. 15. PLL2 transfer function with and without noise trap.

Fig. 16. Overall simulated PLL phase noise and main contributors.

The trap must satisfy four requirements: a high Q so as to
provide sufficient suppression, wideband filtering, negligible
in-band noise contribution, and the ability to operate across the
nearly rail-to-rail control voltage range (as the VCO employs
varactor tuning).

It can be shown [17] that ZT in Fig. 14(a) is given by

ZT (s) = 1 + L1Css2

Css(1 + Gm1 L1s)
(10)

where L1 = CL/(Gm3Gm4). In addition to a notch at
ωN = 1/

√
L1Cs = √

Gm3Gm4/(CLCs), the trap exhibits
a real pole at ωP = 1/(Gm1L1), which can provide wide-
band attenuation beyond ωN . In this design, Gm1 = 0.8
mS, Gm3 = 0.4 mS, Gm4 = 0.12 mS, Cs = 0.1 pF,
and CL = 1.2 pF, yielding ωN = 2π(100 MHz), ωP =
2π(8 MHz), an active inductance of 25.3 μH, and a Q of 20.

The actual Q is about 15 due to the output resistance of
Gm1. Fig. 15 plots the fractional-N loop’s response with and
without the trap, revealing an additional attenuation from 60 to
300 MHz. The trap thus reduces the �� noise by 15 dB at
100 MHz with negligible effect on the loop bandwidth or sta-
bility. The total integrated jitter is reduced by 5% due to
this trap.

In Fig. 14(a), Gm1 has differential inputs for robust opera-
tion, but the noninverting input must be tied to the dc value of
Vcont. This dc value Vb is generated by a replica circuit with
the same XORs as the main path and also has a bandwidth of
only 2 MHz to remove the �� noise.

Fig. 14(b) shows the noise trap implementation. NMOS
and PMOS differential pairs provide a rail-to-rail common-
mode range for Gm1. Since the trap manifests itself only at
high frequencies, and since the fractional-N loop has a small
divide ratio, the trap contributes negligible phase noise, about
−141 dBc/Hz at a 5-MHz offset.

B. VCO Design

Both VCOs are configured as three-stage varactor-tuned ring
oscillators [1]. Since the second PLL has a wider bandwidth,
its VCO can be designed for a higher phase noise to save
power. The first and second VCOs, respectively, draw 2.7 mW
and 2.25 mW at 1 GHz and 2.4 GHz, while exhibiting the
phase noises of −108 and −96 dBc/Hz at a 1-MHz offset.

Fig. 16 plots the overall simulated output phase noise
along with the contributions from the two VCOs and the ��
modulator. The �� noise exceeds the shaped ring-VCO noise
at a 13-MHz offset. The overall integrated jitter is reduced by
23% with the proposed techniques while consuming only 8%
of the total power.

C. Low-Power Digital Design

The �� modulator in Fig. 5 operates with a clock frequency
of 1 GHz. Such a choice demands custom design of the
modulator architecture and its constituent circuits so as to
achieve an acceptably low power consumption. Since this loop
receives a 1-GHz reference, α must have a 20-b word length
for a frequency resolution of 1 kHz. A standard third-order
modulator would require 70 registers and three 24-bit adders,
draining considerable power. Instead, we turn to the “bus-
splitting” technique proposed in [15] and [18] to save hardware
and power. As shown in Fig. 17, the input drives a cascade of
three first-order modulators, which generates a partially shaped
output, Y1. This result is added to the input LSBs, 〈12 : 19〉,
and then applied to another single-loop third-order modulator.
By comparison, this architecture requires only 50 registers and
three 13-b adders.

The modulator of Fig. 17 provides the following noise
transfer function:

NTF = (1 − z−1)3

1 + z−1 − 4z−2 + 2.25z−3 (11)

which is different from the standard third-order noise shaping.
As illustrated in Fig. 18 for FCW = 0.4, the noise spectrum
flattens out beyond 50 MHz.
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Fig. 17. �� modulator architecture.

Fig. 18. Simulated spectrum of �� modulator.

Fig. 19. TSPC FF schematic.

In order to minimize the modulator’s power, we have
designed and laid out the circuits “by hand” rather than rely
on synthesis tools. The registers incorporate TSPC flip-flops
[19] with a reset input (Fig. 19). The overall �� modulator
draws 500 μW at 1 GHz. By virtue of the highly digital

Fig. 20. Die micrograph.

noise filter and the low-power techniques used in the 1-GHz
�� modulator, the second fractional-N loop itself achieves
1.27 psrms jitter with only a 3.3-mW power consumption,
yielding an FoM of −232.7 dB.

VI. EXPERIMENTAL RESULTS

The cascaded synthesizer has been fabricated in TSMC’s
45-nm digital CMOS technology. Shown in Fig. 20 is the die
micrograph, with an active area of 300 μm ×100 μm. The
prototype operates with a 22.6-MHz crystal oscillator as the
reference and generates an output from 2.3 GHz to 2.6 GHz.
From a 1-V supply, the first PLL consumes 3.1 mW and
the second dissipates 3.3 mW, with 2.25 mW in the second
VCO, 0.5 mW in the �� modulator and divider, 0.35 mW in
the feedback noise filter, and 0.2 mW in the noise trap.

Fig. 21 shows the measured output spectra before and after
the feedback noise filter and the noise trap are turned ON.
In this test, the first and second loops’ divide ratios are equal
to 45 and 2.3346, respectively. As can be seen, the �–�
contribution is suppressed by 17 dB at a 50-MHz offset.
The highest reference spur lies at 2 fREF offset and is around
−70 dBc.

Fig. 22 plots the measured phase noise of the first PLL,
revealing an in-band value of around −120.4 dBc/Hz. Fig. 23
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Fig. 21. Measured output spectra before (left) and after (right) noise filter and noise trap are turned ON.

Fig. 22. Measured first PLL phase noise at 1.016 GHz.

Fig. 23. Measured overall synthesizer output phase noise.

plots the overall synthesizer output phase noise. The in-band
plateau is at −109 dBc/Hz and the integrated jitter from
10 kHz to 50 MHz is equal to 1.68 psrms. The measured
phase noise matches well with the simulated one as shown
in Fig. 16. Also plotted in Fig. 24 is the highest in-band

Fig. 24. Measured fractional spur versus frequency offset.

fractional spur level as a function of the fractional frequency
offset. The largest spur is at −52.5 dBc, which satisfies
IEEE 802.11a/g and Bluetooth blocking requirements. Fig. 25
shows a representative PLL output spectrum with fractional
spurs.

Table I summarizes the measured performance of our pro-
posed architecture and compares it to that of state-of-the-art
fractional-N synthesizers in the range of 1.9 GHz–2.4 GHz.
Our in-band noise is 11-dB lower than ring-VCO-based
designs and our FoM approaches that of the LC-VCO-based
work in [21] if we consider the twofold difference in the
reference frequencies.

VII. CONCLUSION

This paper introduces a cascaded fractional-N synthesizer
targeting 2.4-GHz RF standards without the use of LC oscil-
lators and CPs. In order to suppress the �� noise while
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TABLE I

PERFORMANCE SUMMARY

Fig. 25. PLL output spectrum with fractional spurs.

maintaining a moderate loop bandwidth, this paper employs a
feedback noise filter in the second loop. The overall perfor-
mance suggests promising results for inductorless synthesizers.
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