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Abstract—This paper reviews several techniques used to
reduce the in-band phase noise contribution of�� fractional-N
frequency synthesizers. The paper develops several practical
techniques for specifying the noise and linearity of components
used in a�� fractional-N synthesizer.

As an example, it presents a synthesizer with an in-band phase
noise floor of 97 dBc/Hz@10 KHz for an RF output frequency of
2.432 GHz and a reference frequency of 16 MHz. The synthesizer
has a frequency resolution of 61 Hz and an on-chip crystal oscil-
lator. The synthesizer was implemented in a 0.35-m SiGe process
and consumes 6 mA from a 3 V supply. The in-band phase-noise,
spurs, and power consumption of this synthesizer are each low and
comparable to the state-of-the-art.

Index Terms—Bluetooth, Delta–Sigma, frequency modulation
(FM), frequency-shift keying (FSK), Gausian frequency shift
keying (GFSK), GMSK minimum shift keying (MSK), general
packet radio service (GPRS), global system for mobile communi-
cations (GSM), multimode, radio, satellite, Sigma-Delta, wireless.

I. INTRODUCTION

M ODERN communication chips are a good example of
the level of complexity that system-on-a-chip (SOC) has

reached. Both digital control circuits and analog components,
such as LNAs, mixers and A/Ds are integrated onto the same
substrate. A key mixed signal block in such SOCs is the fre-
quency synthesizer which is used for both up-conversion and
down-conversion of signals in the radio.

synthesizers solve several problems faced by radio sys-
tems designers. These synthesizers provide opportunities for ob-
taining small-frequency step sizes, reduced synthesizer phase
noise, reduced spurious tones generated by the synthesizer, and
flexibility in frequency planning. Although they have been in-
vestigated in one form or another since 1978 [1], they have
been commonly used commercially only in the last few years
[2]–[4]. Although a fractional-N frequency synthesizer can
have many uses, tuning its performance to any particular appli-
cation requires many decisions at the component level to obtain
acceptable performance of each component and higher level de-
cisions that effect the tolerance of the synthesizer as a whole to
component imperfections.

Perhaps the clearest example of this kind of tradeoff involves
the three types of noise contribution to a fractional-N fre-
quency synthesizer. These are 1) voltage-controlled oscillator
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(VCO) noise, which can be suppressed inside the loop band-
width by increasing the loop bandwidth; 2) quantization noise,
which can be reduced by decreasing the loop bandwidth; and 3)
in-band phase noise, which can also be reduced by decreasing
the loop bandwidth. Clearly, in any given case, there is an op-
timal bandwidth which provides the lowest noise by trading off
in-band phase noise and quantization noise against VCO noise.

We have lumped several similarly behaving noise sources into
VCO phase noise; it can also include contributions from power
amplifiers (PA noise) or circuit noise added in the loop filter. In
any case, it is suppressed by the open loop gain of the PLL. Sim-
ilarly, the in-band phase noise contains contributions from the
reference signal path, divider, phase frequency detector (PFD),
and charge-pump.

The design presented here was tuned for a cable modem
application requiring a quadrature amplitude modulation
(QAM) signal constellation with up to 1024 points and which
in turn required very low in-band phase noise. Low in-band
phase noise is also important in many satellite applications. The
phase noise, beyond 2 MHz, for the synthesizer presented here
is 123 dB/Hz. The kinds of applications where this would be
unacceptable are those that require low out of band noise to
prevent interference from strong interfering signals or to meet
demanding spectral mask requirements, such as GSM.

This application, with its demanding in-band phase noise re-
quirements, provides an excellent opportunity to review tech-
niques to address the problem. Future work based on [5] will
address improvements in quantization noise. There is a wide
body of literature on improving VCOs. Several techniques are
presented as a case study and tutorial review for improving one
metric of synthesizer performance, in-band phase noise.

To put this collection of techniques into the context of a com-
plete synthesizer, the paper walks through the entire synthesizer
and describes each relevant component, how it contributes to
in-band phase noise and how we selected our approach to ad-
dressing the issue. This is done in two passes; first, in terms of
architecture and second, discussing some circuit level details.

For experts, the value of this paper is in its description of
how to balance the costs and benefits of the various techniques
discussed. For the uninitiated, it provides a checklist of issues
that need to be addressed and some understanding of how to ad-
dress them. Several new twists on old themes are also identified
throughout the paper and it recommends an overall approach to
designing synthesizers with low in-band noise. Another impor-
tant aspect of the techniques presented in detail here is that they
are all, to the best of the authors knowledge, public domain and
thus readily available for commercial use. This is a step toward
a patent free fractional-N frequency synthesizer.

1057-7130/03$17.00 © 2003 IEEE
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Fig. 1. Synthesizer chip block diagram.

In Section II, we look at high-level issues concerning in-band
phase noise and how to set specifications for the components of
the design. In Section III, we look at various aspects of the circuit
design as they relate to in-band phase noise and the specifications
set in Section II. Section IV presents measured results. The con-
clusions, in Section V, present a summary of our results and rec-
ommendations for generalizing our approach to other problems.

II. SOURCES OFIN-BAND NOISE

The top level of a fractional-N frequency synthesizer chip
consists of six blocks: the digital block containing the mod-
ulator (DSM), the divider block, the phase detection (PD) block,
reference block, loop filter and VCO. For our case study, the
VCO and loop filter were off-chip. The blocks and the overall
architecture of the chip are presented in Fig. 1.

The shaded boxes indicate a function controlled by regis-
ters in the serial interface. The cross-hatched bars indicate the
boundaries between the blocks. The cross-hatched squares indi-
cate pads. The black bars indicate the chip boundary.

This section introduces the major sources of in-band noise
describes where they come from and how to set limits on their
levels so that an overall in-band noise performance requirement
can be met by the following:

• jitter in digital logic,
• noise folding,
• charge-pump current noise,
• offset current noise,
• reference noise.

Synthesizer designs often begin with the designers favorite
interactive number crunching software and the models proposed
by Crawford [6] and/or Perrott [7]. When it becomes apparent

that in-band phase noise could be a limiting factor in a synthe-
sizer design, we recommend replacing all in-band noise sources
with an equivalent noise source in the reference

BFM (1)

where is the single-sided in-band phase noise den-
sity contribution of the synthesizer at the phase detector and

is the sampling frequency of the phase detector. Banerjee
figure of merit (BFM) is drawn from work originally published
by Banerjee [8]. Its primary benefit is that it can often predict
the in-band phase noise performance of given hardware over a
wide range of operating conditions. The original form referred
the noise to the synthesizer output as

BFM (2)

which simply acknowledges that the gain from the reference
frequency to the synthesizer output isfor offset frequencies
well within the loop bandwidth.

With (1) as a starting point, we assume the synthesizer will
contribute some constant amount of white noise power that is
multiplied by the reference frequency. Then, as usual, the deci-
sions about loop bandwidth, sampling frequency, loop filter de-
sign etc. can be made early in the design process. The minor im-
provement we suggest here is that by starting the design process
with BFM included, BFM can serve as an indicator of the dif-
ficulty to expect in the circuit design, even for synthesizer de-
signers who are not circuit designers. BFM provides a conve-
nient comparison with other work and, as we will later show,
translates easily into component level specifications.

Section II-A–E addresses the major sources of in-band noise
and block level decisions made in our case study. We describe
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here the allocation of an in-band noise budget to achieve a BFM
of 213 dB.

A. Jitter in Digital Logic

One of the major contributors to in-band phase noise is jitter
in the digital logic making up the dividers, PFD, and reference
path. In this section, we show how to use BFM to set specifica-
tions on the tolerable amount of rms jitter in digital logic.

To begin this process, we note that an rms jitter ofwill
have an equivalent error in radians of where is the
sampling period at the phase detector. As a result, the spectral
density of a white, constant rms jitter at the phase detector is

(3)

which, when we convert to double sided spectrum and loga-
rithmic notation gives

(4)

From this form, we can see that a fixed rms jitter directly con-
tributes to the BFM of the overall synthesizer. From this form
of the equation we can identify a component of the BFM con-
tributed by component jitter as

BFM (5)

If we allow one fifth of the BFM to come from jitter and the
rest to come from sources yet to be discussed, this will allow a
total jitter budget of

BFM
(6)

The next step in allocating the budget is to account for the
number of delay stages between the VCO and the phase de-
tector, between the reference and the phase detector, and within
the phase detector itself. Using a combination of proprietary
techniques and techniques described here, we reduced this to
three delays in the divider, three in the reference path and only
two within the PFD for a total of eight. This allows an rms jitter
per delay stage of

(7)

Note that this does not suggest that the delays through the dig-
ital logic need to be less than 0.8 ps; it requires that the random
changes on these delays be less than 0.8 ps rms.

B. Noise Folding

One of the difficulties that arise in any circuit exploiting
techniques is that the high-frequency quantization noise can
be brought into the signal bandwidth through intermodulation
products caused by nonlinearities in circuit components. In the
context of a synthesizer, these nonlinearities occurring any-
where in the phased-locked loop (PLL) cause the quantization
noise to fold back into the baseband. This has been reported

Fig. 2. An arbitrary phase detector nonlinearity.

previously in [2] and [9]. We present here some simple approx-
imations that allow this effect to be quantified so that linearity
specifications can be set for the various PLL components. Our
presentation is based around nonlinearities in the phase detector
such as a dead zone in a phase/frequency detector (PFD) but
other nonlinearities have an equally significant impact. This sec-
tion will provide a method to quantify the amount of error in-
troduced by any nonlinearity, if it were known. This is a pre-
liminary step to setting the limits on how much nonlinearity the
synthesizer can tolerate.

This section examines the effects of nonlinearities in the PLL
components when the sequence length in the bitstream from the
DSM is long. By long we mean long enough to produce no vis-
ible spurs within the resolution bandwidth of the spectrum ana-
lyzer or fast Fourier transform (FFT) evaluating the synthesizer
or simulation, respectively. Thus, the meaning of long here is
relative to how we are looking at the circuit or simulation. When
the bitstream from the DSM is a long sequence, nonlinearities
produce the appearance of in-band noise. When the sequence is
short, nonlinearities produce in-band spurs.

The initial assumption is that all of the nonlinearity is at-
tributed to the charge-pump; clearly, other nonlinearities occur
and can be mapped to equivalent charge-pump nonlinearities.
As a result, this section is important to understanding the ef-
fects of the other nonlinearities. We will discuss the details that
suggest generic ways to reduce the impact of nonlinearities once
the impact is understood.

Fig. 2 shows an arbitrary charge-pump/PFD characteristic
curve with nonlinearity. The dashed line indicates the best lin-
earized gain which reduces the rms error to a minimum. Gain
errors and offset errors being linear are not relevant to this dis-
cussion. Whatever error remains represents an additive error in
the charge-pump output charge or an equivalent additive error
in the reference phase.

Here, we assume the charge-pump output charge is given by
a function where is a nonlinear function and is the
phase angle of the divider output that is being measured by the
phase detector.

We assume that a sequence of phase errors,, produces a
sequence of charge output errors, where is the difference
between the actual output charge and the ideal linearized output
charge. For example, in Fig. 2, causes the error,, causes
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Fig. 3. The distribution ofe is determined by a nonlinearity and the
distribution of'.

the error, and so on. The variance of the sequencewill then
be as shown in (8)

(8)

where is the expected value operator and is the prob-
ability density function of . To appreciate the meaning of (8),
we should note that the error variance,, is the expected value
of all of the individual errors squared, which in this particular
case is the expected value of . As always, the expected
value can be evaluated using the integral on the right-hand side
of (8).

From (8), we can see that the rms error introduced by nonlin-
earity could be evaluated numerically if the distribution
were known and limited to a finite range and also if the nonlin-
earity were known.

Fig. 3 illustrates an example, for the same nonlinearity as
Fig. 2, where the distribution of is now constrained to lie be-
tween and . The probability density function, , in-
dicates the likelihood that will take on some value between

and , and hence, the probability thate will take on the
value set by the nonlinearity. This process can be summarized
by pointing out that the rms charge error is the rms nonlinearity
of the charge-pump weighted by the probability density func-
tion of the distribution.

An important issue is that the phase detector appears to be
more linear when the distribution of is tightly clustered near
a single operating point. This is the familiar “small signal” ap-
proximation where a small signal can be analyzed as if it were
present in a linear system (provided the signal is sufficiently
small). In a system, the quantization noise is often too large
to allow this nonlinearity to be ignored as if it were a small
signal.

To be more complete about some of the details that were
skipped in the example of Figs. 2 and 3, and to emphasize
the benefit of reduced quantization noise distribution, we can
look at another example in Fig. 4. In this example, the entire
range of operation has been set to occur on only one side of the
phase error characteristic curve. Details of how this is done are
discussed in Section II-D. Here the linearized gain and offset
is fitted to the region where the probability density function,

, is bounded. This example uses the same nonlinearity
but a different range of operation. As in the previous example,

Fig. 4. The same arbitrary nonlinearity with a different linearized gain and a
different range of operation.

and mark the bounds of the range of operation. Clearly,
both the range of the error and the rms value of the error will be
smaller for this region of operation and this smaller distribution
of phase error than in the examples of Figs. 2 or 3. This brings
up two practical points for the design and operation of
synthesizers: first, it is important to control the distribution of
the quantization noise and second, it is important to control the
region of operation where the phase detector operates and/or to
make sure that it is linear in the region where it operates.

Given that lower quantization noise is preferable, lower-order
modulators are also better because they introduce a smaller

jitter distribution. Thus, with lower-order modulators, the
charge-pump/PFD needs to operate in a linear fashion over a
smaller range.

The range and probability density function of can be ac-
curately estimated from discrete time simulations of the DSM.
Thus, the integral in (8) can be approximated numerically be-
cause DSMs must produce a bounded phase error at the phase
detector to operate properly in PLL synthesizer.

For the sake of developing a better understanding and a
simple analytical formula, we will consider the case where
the phase error is uniformly distributed. This is only true for
first-order DSMs; higher order DSMs have distributions that
become increasingly closer to Gaussian in shape. Higher order
DSMs tend to clump the probability density function closer
to the mean value. This suggests that most of the time the
signal is smaller, which slightly offsets the effect of the tails
of the distribution where the signal on occasion can be larger.
For “gentle” nonlinearities without sharp discontinuities or
spikes, the use of a uniform probability density function (i.e.

) is slightly pessimistic but has the
advantage that it simplifies (8) to

(9)

where is the range of the jitter present
at the PFD input. In (9), is the rms error of the nonlinearity
averaged over the range of the jitter. From this rms charge
error, we can see that the rms output current error is

(10)
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where is the sampling period at the phase detector. This
output-referred error can be referred to the input of the phase
detector if we divide the error by the phase detector conversion
gain. The input-referred rms phase error at the PFD is

(11)

where is the conversion gain of the phase detector and
is the equivalent phase error at the phase detector.

By assuming that this is a sampled-data sequence with
a white, continuous spectrum, the spectral density of the
nonlinearity error at the phase detector is

(12)

Alternatively, since we have from 10

(13)

The two forms of expressing the phase noise resulting from
phase detector nonlinearity can each provide some insight but
we will stick with the latter form for now. Then the resulting
in-band phase noise at the phase detector will be

(14)

where is the gain of the phase detector and
charge-pump. Since and remain fixed as changes ex-
pressing (14) as the following:

(15)

describes its tendency to behave in the same deleterious fashion
as a fixed amount of rms jitter as discussed in Section II-A.

Again with five independent noise sources we require

BFM
(16)

To put this into perspective, we could calculate an equivalent
linearity in bits. Having an equivalent nonlinear error less than
2.3 ps over a range of operation of VCO cycles or
6.2 ns at 2.43 GHz, requires a linearity better than 11 b.

Although the discussion here has been presented in terms of
PFD and charge-pump linearity, it should be noted that this re-
quirement applies to the divider as well. If the divider has a
2.00 ns delay when dividing by 149, a 2.001 ns delay when di-
viding by 150, and a 2.00 ns delay when dividing by 151, this
represents another nonlinearity that can be treated in a similar
way. In our case study, we used a proprietary form of resynchro-
nization to make sure that the divider did not contribute signifi-
cantly to the nonlinearities.

The divider block contains only the analog path of the com-
plete divider. This analog path is the portion of the divider logic
in which a VCO edge ultimately triggers a divider output edge

TABLE I
EFFECT OF THEPOST DSM FILTER ON DS JITTER

sent to the phase detector. The current-mode logic (CML) por-
tion of the divider circuit and some CMOS on the analog path
of the divider are in the divider block. Most of the basic CMOS
logic, which contains no analog information in the timing edges,
is in the digital block so that the CMOS switching noise is less
likely to couple into the analog path of the divider. Where the di-
vider block receives several signals from the digital block, these
signals are retimed with the output of the CML to CMOS con-
verter for generating the divider output which goes to the PFD
for phase comparison. This retiming allows the number of delay
stages to be reduced to three even in a low-power divider.

C. Digital Block

Within the digital control of the divider there are opportuni-
ties to manipulate the effect of the nonlinearities described in
Section II-B.

Modulator: As mentioned earlier, higher order modu-
lators have an impact on the amount of quantization noise in-
troduced into the synthesizer. The DSM is programmable to
allow either fourth- or fifth-order noise shaping. This is to allow
fairly low-reference frequencies when required. When the de-
sired loop bandwidth is large compared to the reference fre-
quency, fifth-order noise shaping is preferred but extra poles in
the loop filter are required. The output of the DSM is 5-b wide.

Post-DSM Filter: In order to obtain extra filtering at fs/2, an
optional post DSM filter is included in the digital block. This
has a transfer function of which has a notch at fs/2 to
reduce the power of the quantization noise at fs/2. The drawback
of using this feature is that it increases the baseband quantiza-
tion noise by 6 dB. Generally it is more useful when the ratio of
the loop bandwidth to the sampling frequency is low. This extra
filter in the digital block reduces the peak out of band quantiza-
tion phase noise by 4.8 dB for a fourth-order DSM and by 5.7
dB for a fifth-order DSM and, thereby, reduces the amount of
filtering required in the loop filter for a given modulator order.
More importantly, for reducing in-band phase noise, it reduces
the active range of the jitter coming out of the divider.
Table I summarizes the active range of the jitter for the two
modulator orders with and without the post-DSM filter.

To be able to use the DSM in any of its desired modes without
increasing the amount of noise folding, we have to make sure
that the linearity specifications are met in the worst-case, which
is fifth-order noise shaping without the post-DSM filter. This is
another specification that will come back into play when we get
to the circuit design of the charge-pump.

D. Charge-Pump Current Source Noise

The purpose of the charge-pump is to linearly translate the
width of the pump-up (PU) and pump-down (PD) pulses to a
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Fig. 5. Two types of loop filters.

charge transferred to the loop filter. For any charge-pump, the
charge transferred to the loop filter is where is
the pump current and is the width of the PU or PD pulse.

Fig. 5 shows two possible configurations for a loop filter.
In the first arrangement, the loop filter is passive and the
charge-pump current sources must continue to work over the
entire tuning range of the VCO. This requires the current
sources to have a high-compliance voltage. Compliance voltage
is the voltage range over which a current source is in compliance
with its specifications. For a current source in a charge-pump,
these specifications are: peak output current, output impedance,
noise current etc. In the second configuration, the op-amp
‘pins’ the voltage to some convenient value and the current
sources only need to meet their specifications at that voltage.
For this synthesizer, the reference voltage is half the supply
rail; ultimately it will be a bias voltage already present on chip.

The loop filter used with this charge-pump is an active loop
filter that inverts the current signal from the charge-pump. This
is an off-chip loop filter with an op-amp but will be replaced
with an on-chip op-amp and loop filter in the next version. Note
that the locations of the switches controlled by PU and PD have
reversed in order to accommodate the inversion of current po-
larity caused by the use of an op-amp.

The reason for the use of the active filter is to allow one more
degree of freedom in the design of the current sources in the
charge-pumps. By relieving the compliance voltage requirement
of the current sources it becomes possible to use much more
source degeneration. This degeneration makes it easier to re-
duce the noise of the charge-pump without making the transis-
tors too large. Since phase noise at the synthesizer output is far
less sensitive to current noise at the op-amp output than it is to
current noise at the charge-pump output, the compliance voltage
requirements can met at the op-amp output without a substantial
penalty in noise or area.

One simple way to reduce the difficulties of solving the lin-
earity problem outlined in Section II-B is to inject a small offset
current in the charge-pump. With this, the lock point of
the PLL is no longer at zero degrees of phase offset and, thus,
the residual nonlinearity near the center of the PFD is avoided.
By injecting a large enough offset current as shown in b), the
lock point can be shifted so that only PU is active. This com-
pletely avoids nonlinearity introduced by mismatch of the PU
or PD currents in the charge-pump.

Under these conditions, the PLL will lock where
. By setting such that is

greater than both the jitter on the divider output and the
nonlinear region of the PFD, all the jitter can be placed on
one side of the phase detector characteristic curve.

We then have two more noise sources to evaluate. The first
is the error introduced by the pulsed current. The equivalent
noise current density will be where is the noise
current density in the current source. As in the previous cases,
dividing by refers this noise to the phase detector input and
simplifies

(17)

Again, like the other sources of noise, this can be expressed
in a form consistent with Banerjee’s rule

(18)

Whether or not the noise actually follows the rule clearly de-
pends on whether or not is kept constant as changes. This
is a situation over which the designer has considerable control
by adjusting . Clearly as increases, must decrease
to keep the BFM within specification. However, as discussed in
Section II-B, we want to keep all of the jitter on one side of
the phase detector characteristic curve. The best solution then
is to set such that is just slightly larger that the time
corresponding to 15 VCO cycles (the worst-case for our DSM
and post-DSM filter) or to have it change adapting to the min-
imum offset for each case.

As with the other specification requirements, the value inside
the operator must evaluate to something less than 2.3
ps if the BFM specification is going to be met in conjunction
with the other sources of noise. For
and , we require .

The other source of noise arising from the charge-pump of
Fig. 5 is the fixed offset current and its noise. If its current noise
density is , the input referred phase noise contribution from
it is

(19)

which is constant for any sampling frequency. Since this noise
source does not follow the same pattern as the others, we have to
set an acceptable noise level for this at the reference frequencies
the synthesizer is desired to operate. With a 16-Mhz sampling
frequency, a BFM of 213 would require .

E. Limitations of Banerjee Figure of Merit

BFM is, like any benchmark or figure of merit, subject to ma-
nipulation and only applies to noise sources that behave in a par-
ticular way. We have shown here that in a charge-pump based
design the majority of noise sources do behave in a manner pre-
dicted by BFM.
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Fig. 6. Crystal oscillator.

III. CIRCUIT DESIGN

A. Reference Block

This section describes the synthesizer reference block. The
block consists of the crystal oscillator (XTAL) and level-shifting
buffers.

The XTAL has low-power consumption and operates from
4–16 MHz. It uses subthreshold and self-biasing techniques to
maintain this low power. It is based on a circuit found in [10]. An
external decoupling capacitor is required to achieve low noise.

The level shifters are used to translate the sinusoidal output
of the XTAL to CMOS levels in order to make them compatible
with the PFD logic while maintaining the phase noise of the
XTAL.

Crystal Oscillator: The crystal oscillator is based on
low-power subthreshold CMOS oscillator techniques from the
1970s. It is self-biased and has a built in amplitude limiting loop
to provide low-phase noise. There is a bank of programmable
resistors to control the amplitude of oscillation at various
crystal frequencies. The theory of operation is described in the
following references [10]–[12].

The oscillator simplified schematic is shown in Fig. 6. The
implemented oscillator is also single-ended. However, since the
current injected by the oscillator is so small compared to the cur-
rent through the crystal and the off-chip load capacitors, it pro-
duces a reasonably clean differential signal. The mismatch be-
tween the voltage amplitudes at the “p” and “m” nodes is caused
primarily by mismatch in the off-chip load capacitors.

Level Shifter: The purpose of the level shifter is to convert
the XTAL output to CMOS logic levels. This means that a si-
nusoid with an amplitude of approximately 800 mVp-p differ-
ential must be converted to full-swing logic levels of3 V.
Doing this while maintaining the low-phase noise of the crystal,
is not as simple as it may seem. Through many periodic steady
state (PSS) noise simulations, used to evaluate the rms jitter at
the level shifter output, it was found that the level shifter had
to be done in stages to keep the noise low. Attempts to use a
single-stage approach were too noisy or required more power.

The solution used is analogous to a radio receiver. The first
stage is like a low-noise amplifier (LNA) in the sense that it

Fig. 7. First-level shifter schematic.

Fig. 8. Second-level shifter schematic.

Fig. 9. Phase frequency detector.

Fig. 10. Switchable current cells.

must have the lowest-noise contribution. Once the signal has
reached larger swing levels the noise of subsequent stages be-
comes less significant. Once CMOS levels are achieved, the sub-
sequent stages only contribute to the noise while switching as
there is no noise gain from input to output once the signal is
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Fig. 11. Synthesizer output spectrum at 2.434 GHz.

Fig. 12. Synthesizer output spectrum at 2.434 GHz.

Fig. 13. Phase noise of synthesizer for 50-KHz loop bandwidth.

limited. Our approach of multistage limiting is also similar to
the approach used in IF stages of FM receivers.

First Stage of Level Shifting:The first stage of level shifting
is shown in Fig. 7. It consists of an ac-coupled bipolar differ-
ential pair with resistive loads. There is no current source as a
resistive bias is used. The dc bias is provided by two diodes con-
nected between the inputs and vdd.

Second Stage of Level Shifting:The second stage of level
shifting is shown in Fig. 8. It consists of a bipolar differential
pair with cross coupled CMOS loads. The output currents are
mirrored into a push–pull CMOS output stage. The resulting
output has CMOS levels.

Fig. 14. Synthesizer phase noise for 150-KHz loop bandwidth.

Fig. 15. Synthesizer phase noise for 150-KHz loop bandwidth.

TABLE II
SPECIFICATIONSSUMMARY

B. Phase Detection Block

Phase Frequency Detector:The phase frequency detector is
a standard resettableD flip-flop-based digital phase frequency
detector. This is shown in Fig. 9.

C. Charge-Pump

A basic switchable current source cell is shown here in
Fig. 10(a). The input, , turns on the switching transistor, .
The on resistance of is low so that the bias voltage, ,
and resistor set the current through . By using the active
loop filter, the current source does not need a high-compliance
voltage and can be larger to degenerate the gain on.
This makes the output noise current less dependent on noise
on the bias voltage, ,and less dependent on the noise of the
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TABLE III
STATE-OF-THE-ART COMPARISON

transistor . This degeneration also reduces the 1/f noise of
the current sources when they are turned on. Even with the use
of source degeneration, the transistors have to be fairly large
to allow for low noise. The noise contributions of the current
sources were evaluated by placing them in a simulation test
bench where the currents were turned on continuously. Then a
simple ac analysis was used to observe the simulated current
noise. From this, their contribution to the BFM was calculated.

The switching transistors can be smaller to present a lighter
load to the PU and PD driving signals from the phase detector.
The light load is necessary to obtain fast switching which, in
turn, prevents the linearity from degrading. Fast switching helps
to meet the linearity specification which can be simulated by ex-
ercising the charge-pump with pulses of linearly varying width
and checking that the output charge also varies linearly.

The p-type current source is shown in Fig. 10(b). It is a p-type
version of the n-type current source just described. Both the
p-type and n-type current sources are replicated eight times to
generate the desired 500A.

IV. EXPERIMENTAL RESULTS

The synthesizer chip was designed and fabricated in a 0.35-
m SiGe process. The parts were packaged in a 24 pin lead-
less plastic chip carrier (LPCC) package. A test board with a
16-MHz crystal, an op-amp based loop filter and external VCO
was built. Two versions of this board were built. One with a
50 KHz loop bandwidth and the other with a 150 KHz loop
bandwidth. The output frequency range is 2.4–2.485 GHz. The
output spectrum of the synthesizer is shown in Fig. 11 for a
1 MHz frequency span at an output frequency of 2.434 GHz.
Fig. 12 shows the output of the synthesizer with a 10 KHz fre-
quency span. These are for the 50 KHz loop bandwidth boards
and fractional-N operation.

The synthesizer phase noise for a 50 KHz loop bandwidth is
shown in Fig. 13 and the phase noise for a 150 KHz loop band-
width is show in Fig. 14. In both cases, the synthesizer is in
fractional-N mode. For the 50 KHz case, the phase noise at a
10 KHz offset is 94 dBc/Hz. For the 150 KHz case, the phase

noise at a 10 KHz offset is 97 dBc/Hz. This difference is due
to the fact that in the 50 KHz case, the in-band VCO contribu-
tion to the phase noise is not suppressed enough to show the
actual noise floor of the synthesizer. Opening the bandwidth to
150 KHz suppresses the VCO noise enough to view the true
noise floor of the synthesizer. Because the loop bandwidth has
been increased significantly, the loop is less able to suppress out
of band quantization noise. This residual quantization noise is
clearly visible in Fig. 14. The 123 dBc/Hz noise floor shown
above 2 MHz in Fig. 13 would be inadequate for many appli-
cations, but this is entirely contributed by off chip components
(VCO, pad, PA, pad) and measurement error.

The rms phase error within a 100 MHz bandwidth of the car-
rier for this synthesizer in Fractional-N mode is about 0.8or
0.9 ps of rms jitter at 2.43 GHz. For bandwidths less than 100
MHz, the rms phase error is dominated by in-band noise.

It should be noted that no spurs can be observed over the
tuning bandwidth (16 MHz) except when the synthesizer is
offset from an integer boundary (output frequency which is an
integer multiple of the reference frequency) by less than the
loop bandwidth of the synthesizer. In this case, a spur appears
at an offset from the carrier equal to the offset from the integer
boundary. A second spur occurs at one half this offset. Both
are less then 60 dB below the carrier peak. It is possible to turn
off the modulator and operate the synthesizer in integer-N
mode. This was done in order to see if the phase noise changed.
The resulting phase noise plot is shown in Fig. 15 for the 150
KHz case. It can the seen that the phase noise is100 dBc/Hz
at a 10-KHz offset. The residual quantization noise is no longer
present due to integer-N operation. The 3-dB increase in phase
noise in fractional mode is due to residual nonlinearity in the
PFD which folds high-frequency quantization noise into the
synthesizer baseband. The rms phase error within a 100-MHz
bandwidth of the carrier in integer-N mode is about 0.6or 0.7
ps of rms jitter at 2.43 GHz.

The synthesizer has a control feature which allows the dc
phase offset to be disabled. Turning off this offset in integer-N
mode has no effect on in-band phase noise. However, if the
offset is disabled in fractional-N mode the in-band phase noise
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increases by as much as 20 dB. This illustrates the effect of PFD
dead-zone nonlinearity on fractional-N operation.

The synthesizer specifications are summarized in Table II.
The BFM for this synthesizer is 216 dB in integer-N mode

and degraded to 213 dB in fractional-N mode. However, this
degradation does not arise from a simple linear addition of
added quantization noise. Rather, it is due to nonlinearity in the
PFD and charge-pump and noise in the offset current. Table III
presents a comparison of the synthesizer presented here with
other state-of-the-art synthesizers. The table includes the above
BFM for in-band phase noise.

V. CONCLUSION

A 2.4 GHz fractional-N frequency synthesizer has been
presented which was implemented in a 0.35-m SiGe process.
The synthesizer exhibits a low in-band phase noise of97
dBc/Hz@10 KHz offset for an output frequency of 2.434 GHz
in fractional-N mode. This is a figure of merit (BFM), for
in-band phase noise, of213 dB. In integer-N mode the phase
noise is 100 dBc/Hz@10 KHz which is a BFM of 216 dB.

The techniques used to design the synthesizer are explained
in detail. We have described the use of BFM in a systematic ap-
proach to addressing in-band phase noise that gives a very early
indication of how difficult the circuit design problems will be.
We have shown how the most important sources of noise, in-
cluding noise folding, all correspond to an equivalent rms jitter
and thus contribute to the typical charge-pump behavior de-
scribed in Banerjee’s equation. The techniques presented here
appear to be adequate to create a state of the art synthesizer in
terms of in-band phase noise.
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