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57 ABSTRACT

Disclosed are methods and circuit configurations for refer-
ence frequency signal distribution circuitry that suppress
unwanted spurious components introduced by way of RF
signal leakage. The methods and circuitry may include
relocating components of a buffer along a reference fre-
quency signal path, thereby suppressing conductive and
inductive components associated with RF leakage paths
entering the circuitry. A filter also may be used after the
buffer to suppress spurious components resulting from sub-
sampling of unwanted tones in a phase frequency detector or
intermodulation between the reference signal and interfer-
ence tones in the signal-path of the buffer.

19 Claims, 5 Drawing Sheets
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1
XO-BUFFER ROBUST TO INTERFERENCE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to methods and devices that
suppress interference in RF circuitry, and more particularly,
to circuits and layout techniques for distributing an oscillator
reference signal while suppressing unwanted spurious sig-
nals.

2. Description of the Related Art

Integrated radio receivers cannot easily implement radio-
frequency (RF) synthesizers that are robust to interference
while having a fast settling time. Interference robustness
requires that all frequencies be synchronized. This typically
requires that the frequency synthesizer reference frequency
be equal to the RF channel spacing and that the reference
oscillator frequency, generally generated by a crystal oscil-
lator, be an integer multiple of the channel spacing. Such an
arrangement would be virtually spurious free, since all
frequencies are harmonically related. However, the settling
time of a synthesizer having this reference frequency and
channel spacing relationship would be undesirably long
because settling time is proportional to the reciprocal of the
channel spacing (i.e., the reference frequency).

Because of these conflicting requirements, which are
further aggravated by the necessity support frequency gen-
eration for various standards with unrelated channel spac-
ings, fractional-N synthesizers are commonly used. Frac-
tional-N synthesizers, however, are prone to generating
spurious components when the generated radio carrier fre-
quency is close, but not equal to, an integer multiple of the
synthesizer reference frequency. Consequently, spurs at off-
sets equal to the difference between the carrier and the
reference harmonic will accompany the carrier. See, Jan-
Wim Eikenbroek and Sven Mattisson, “Frequency Synthesis
for Integrated Tramsceivers,” chapter Part III, pages
339-355, in High-Speed Analog-to-Digital Converters:
Mixed-Signal Design; PLLs and Synthesizers, Kluwer Aca-
demic Publishers, 2000, the contents of which are incorpo-
rated herein by reference. Suppressing these spurious com-
ponents is very difficult and time consuming, often requiring
many applications specific integrated circuit (ASIC) itera-
tions that increase the complexity and cost associated with
these devices.

Fractional-N synthesizers typically take the reference
frequency from either an on-chip or an off-chip crystal
oscillator (XO), which is supplied to the phase frequency
detector via one or more buffers. These buffers are needed to
guarantee sufficiently low noise levels by boosting the
crystal signal power and by making the reference zero
crossings as short as possible (e.g., a sharp square wave).
Modern radio transceivers (i.e., transmitter plus receiver)
often are formed as integrated circuits (e.g., as an ASIC)
including one or more RF oscillator(s) on-chip. RF oscilla-
tors, however, are sources of undesirable signal and supply
leakage that introduce performance-degrading interference,
not only into their associated circuits, but also into nearby
circuits. One source of interference from an on-chip RF
oscillator is the inductor of the oscillator’s LC tank circuit,
which is tuned to a particular frequency based on an applied
control voltage (e.g., by controlling a voltage of varactor that
changes the capacitance of the LC tank).

FIG. 1 depicts interference scenarios that can occur with
respect to a conventional fractional-N phase locked loop
(PLL) frequency synthesizer. As shown in FIG. 1, a crystal
oscillator (XO) 110 generates a reference signal 112, which
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is fed into a buffer 114. The reference signal is preferably a
sinusoidal signal having a frequency denoted by £, (or more
generally, f,, to indicate the frequency of any type of
reference frequency signal). The buffer 114 may be a limiter
that produces a version of the XO reference frequency signal
¢z 116 at the frequency f,,-and having a steep zero-crossing
characteristic. The reference signal output from the XO-
buffer is fed to a phase frequency detector (PFD) 118
together with the phase and frequency of the output of the
frequency divider 132. The output of the PFD is a pulse that
is related to the phase and frequency difference between the
reference frequency signal ¢, 116 and the output of the
frequency divider 132. The output from the phase detector
118 is applied to a charge pump (not shown) and then filtered
by a loop filter 122. The output of the loop filter 122 is then
applied to a voltage-controlled oscillator (VCO) 126. The
output signal ¢, 128 of the VCO 126 is supplied to the input
of'the frequency divider 132. The frequency divider receives
a control signal supplied to the control input 134.

As a result of this feedback arrangement, the frequency,
f,, of the VCO 126 output signal ¢, is driven to equal the
frequency of the reference signal times the division factor of
the frequency divider 132. Hence, the frequency of the VCO
126 can be controlled by controlling the division factor via
the control input 134 of the frequency divider 132.

The frequency divider 132 dynamically divides the fre-
quency f, of the VCO output signal ¢, by N and N plus or
minus some integer (i.e., N+M, where N and M are integers)
in a proportion that results in an average division ratio N
plus the fraction, K/F (K and F integers). K/F is the duty
cycle that determines the fractional value, where F is the
fractional modulus of the circuit (e.g., 8 would indicate a 1™
fractional resolution) and K is the fractional channel of
operation. By applying K and F values pertaining to a
particular desired frequency to the frequency divider control
input 134, the frequency of the signal ¢, at the VCO 126
output can be set to a frequency of f,=f, (N+K/F).

As shown by the dashed paths in FIG. 1, inductive
coupling from the VCO inductor will find its way into the
crystal oscillator bonding wires (not shown), the reference-
frequency signal path 112 along path 140, the PFD input
paths 116 and 136 along paths 142 and 144, respectively, and
the supply rails (not shown) along path 146. The supplies
may also be disturbed by VCO currents, which cause voltage
drops between V., ground, and substrate. When the VCO
frequency leaks into either PFD input, undesirable low-
frequency mixing products may result.

The PFD inputs of a frequency synthesizer are typically
connected to latches. For instance, edge-triggered latches are
widely used in the PFD of fractional-N synthesizers. The
basic form of this type of PFD includes a pair of edge-
triggered, resettable D-flip flops having their D inputs set to
logical ONE. The clock inputs of the D-flip flop respectively
receive a signal having a frequency of the voltage controlled
oscillator (VCO) divided by some number set in a frequency
divider. The Q outputs of the D-flip flops are input to an
AND gate, which when high, outputs a reset signal to both
D-flip flops. The states of the Q outputs from the D-flip flops
produce respective “UP” and “DOWN” pulses with a dura-
tion corresponding to whether the frequency of the reference
frequency leads or lags the frequency of the frequency
divided VCO signal. The PFD output is used in a known
manner to control a charge pump, which outputs a signal that
is low pass filtered and applied to the VCO input. A more
detailed description of edge-triggered PFDs can be found in
T. H. Lee, “The Design of CMOS Radio-Frequency Inte-
grated Circuits,” Cambridge University Press, Cambridge,
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1998, and B. Razavi, “RF Microelectronics,” Prentice-Hall,
Upper Saddle River, 1998, the disclosures of which are
incorporated herein by reference.

The latches of an edge-triggered PFD are wideband.
When the VCO signal leaks into any of the latch clocks,
timing jitter appears in the VCO control voltage generated
by the PFD. Jitter on the VCO control voltage will cause
mixing of the VCO with the closest harmonic of the refer-
ence. When the difference between the two is sufficiently
small, two undesirable in-band spurious tones will appear on
either side of the VCO output frequency.

Without loss of generality, the interference scenario
shown in FIG. 1 can be modeled as shown in FIG. 2. In FIG.
2, the XO-buffer 114 of FIG. 1 is modeled as a differential
pair 210 including transistors Q1 and Q2. Each collector of
transistors Q1 and Q2 is connected to a load resistor, R , and
the emitters of transistors Q1 and Q2 are commonly con-
nected to a constant current source 212. The input of the
phase frequency detector 118 also is shown as a differential
pair 220 including transistors Q3 and Q4 having their
collector connected to a load resistor R and their emitters
commonly connected to a constant current source 222. The
load resistors R, of differential pair 210 and the load
resistors R of the phase frequency detector input 220 are
connected to the V. supply voltage rail 226. The input
reference frequency signal, v, , from the XO source (in FI1G.
1, from XO 110 along path 112) is applied to the buffer input
at the bases of transistors Q1 and Q2 of differential pair 210.

Returning to FIG. 1, output signal generated by the
XO-buffer is supplied to the input of the phase frequency
detector 118 along path 116. Along this path, interference
resulting from VCO leakage is modeled in FIG. 2 as two
interfering components 230 and 232. This first interfering
component 230 is represented by voltage source 230 having
voltage v, in series with the V.. line between the XO-
buffer 210 and the input of the PFD 220. The second
interfering component 232 is represented by a three-coil
transformer 232 producing inductive interference voltage v,
in series with the path from the XO-buffer output to the PFD
input. When these interfering components 230 and 232 are
present, the input signal v, applied to the PFD input 220 will
be different from the output signal v, generated by the
XO-buffer.

Problems caused by VCO leakage are presently addressed
by employing balanced signal paths in conjunction with
circuits having high common-mode and power-supply rejec-
tion ratios (CMRR and PSRR, respectively). Balanced lay-
out schemes are effective in some respects because they
cause most of the interference into the signal path to be
common-mode, and only a small imbalance term, either due
to some layout asymmetry or finite CMRR, will interfere
with the reference. Such schemes typically suppress inter-
ference in the signal path by 20 to 40 dB. Interference
entering the supply rails will similarly be suppressed by a
high PSRR, typically of the same order as the CMRR.
However, with ever-increasing levels of integration, on-chip
distances become smaller and smaller. At the same time,
because on-chip inductors do not scale with the rest of the
circuit technology, the relative spacing of inductors and
wires also becomes smaller, further aggravating the induc-
tively coupled interference. For instance, a GSM frequency
synthesizer must have output spurious levels more than 44
dB below the carrier at a 400 kHz offset, given a loop-filter
attenuation of 23 dB at that offset, which corresponds to
reference frequency spuriouses below -88 dBc for the DCS
band using a 13 MHz crystal reference. Achieving these
spurious frequency levels is becoming increasingly difficult,
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even with current layout and circuit techniques. Hence, there
is a need in the art for a more robust reference frequency
distribution scheme.

SUMMARY

It should be emphasized that the terms “comprises” and
“comprising,” when used in this specification, are taken to
specify the presence of stated features, integers, steps or
components; but the use of these terms does not preclude the
presence or addition of one or more other features, integers,
steps, components or groups thereof.

In accordance with one aspect of the invention, a refer-
ence frequency distribution apparatus comprises oscillator
for generating a reference frequency signal and a buffer
device having an input connected to an output signal path of
the oscillator. The buffer device includes at least one com-
ponent spatially located from other components of the buffer
to increase the output impedance as seen from the buffer.
Rerouting the location of the buffer component causes the
output impedance of the buffer to suppress undesirable
spurious components generated as a result of RF signal
leakage entering into the signal path.

In accordance with another aspect of the invention, a
method of suppressing unwanted signals along an RF signal
path to an input circuit comprises providing subcomponents
of a buffer limiter device in first and second areas of a
substrate, and routing an RF signal path from the output of
the buffer device to the input circuit provided in the second
area of the circuit layout. By providing the buffer limiter
subcomponents in the second area, the impedance of the
output of the buffer limiter and impedance of the input of the
input circuit become mismatched, thereby suppressing inter-
ference introduced into the signal path between the buffer
limiter output and the input circuit input.

Another aspect of the invention concerns a phase locked
loop (PLL) circuit that includes a buffer limiter having an
input for receiving a reference frequency signal and an
output for outputting a buffered reference frequency signal.
A first low-pass filter is connected in a signal path between
the buffer and a first input of a phase frequency detector. The
output of the phase frequency detector is acted on by a
second low-pass filter to produce a filtered phase detector
output. A voltage controlled oscillator, in turn, produces an
output signal at a frequency dependent on the filtered phase
detector output. The output signal is received by a frequency
divider, which produces a divided frequency signal. In the
PLL, the physical placement of components of the first filter
and the buffer cause the output impedance of the buffer to be
greater than the impedance of the first input of the phase
frequency detector.

Additional aspects and advantages of the invention will be
set forth in the description that follows, and in part will be
apparent from the description, or may be learned from
practice of the invention. The aspects and advantages of the
invention will be realized and attained by the system and
method particularly pointed out in the written description
and claims hereof as well as in the appended drawings.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and exemplary only and are not restrictive of the
invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the invention and are incor-
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porated in and constitute a part of this specification, illustrate
exemplary embodiments of the invention that together with
the description serve to explain the principles of the inven-
tion. In the drawings:

FIG. 1 is a diagram of phase locked loop (PLL) circuit
circuitry illustrating VCO-leakage paths.

FIG. 2 is a circuit model showing effects of interference
due to leakage from an RF component.

FIG. 3 is circuit model illustrating interference compo-
nents of FIGS. 1 and 2 as circuit elements.

FIG. 4 shows part of PLL circuitry in which load resistors
have been relocated in accordance with an exemplary
example of the present invention.

FIG. 5 is a block diagram of exemplary PLL RF circuitry
that includes a filter provided before the phase frequency
detector in accordance with an exemplary example of the
present invention.

FIGS. 6a to 6c¢ each are diagrams showing components of
PLL circuitry in which a low-pass filter is provided before
a phase frequency detector in accordance with exemplary
examples of the present invention.

FIG. 7 is a block diagram showing a cascaded arrange-
ment of low-pass filter and buffer circuits along a path of a
reference frequency signal.

DETAILED DESCRIPTION

These and other aspects of the invention will now be
described in greater detail in connection with exemplary
examples that are illustrated in the accompanying drawings.

To arrive at a solution to the interference pickup problems
described above, the simplified model shown in FIG. 3 is
used to analyze the interference sources depicted in FIG. 2.
For the sake of generality, all signals are assumed to be
unbalanced, but the result derived is easily extended to the
balanced case (i.e., symmetric or almost symmetric) by
applying the correct amount of cancellation due to PSRR
and CMRR. Thus, in the following, only an unbalanced
signal notation is used.

As shown in FIG. 3, i, and v, represent the current and
voltage output of the buffer, respectively, and v, represents
the phase-frequency detector (PFD) input voltage. The
inductive signal interference is modeled in FIG. 3 by the
voltage source, v,, and capacitive (conductive) signal cross
talk is represented by the current source i,. The supply
interference is represented by the voltage source v, and
the buffer output impedance and the PFD input impedance
is represented by R and r,, respectively. It can be shown that

__"n M

Vi = m[(l'b + i) Ry + (Ve + vl

where frequency dependencies have been left out for sim-
plicity. Normally a buffer is designed to have low output
impedance (i.e. R <<r,) so equation (1) may be simplified as
follows:

Virs[ () Ro+ (Ve Voo

@

This strategy reveals that effects of capacitive cross talk
can be minimized by choosing i, such that i, becomes
insignificant. Additionally, it should be apparent that large
separations of the circuit components could cause v, and v .
to be much smaller than i,'R,. However, present and future
requirements for increased circuit density make such sepa-
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6

rations increasingly difficult, if not impossible to achieve.
Hence, another way of suppressing v, and v, must be
provided.

The invention addresses interference resulting from RC
leakage in a first exemplary way by changing the impedance
levels on the buffer output and the PFD input. For instance,
letting R >>r,, results in:

©)

. ¥i
Vip = |lp-ri ¥ R_(Vx +Vccx)]
o

where i, has been neglected because it will not contribute
more than in equation (2). From equation (3), it can be seen
that the interference due to v, and v__ will be suppressed by
the ratio R /r;. It can be seen that the buffer can be made
robust to interference due to v, and v, by creating an
impedance mismatch via a high buffer output impedance.

FIG. 4 shows an exemplary way to increase the buffer
output impedance relative to the phase-detector input imped-
ance to achieve a high ratio R /r;. As shown in FIG. 4, the
buffer load resistors R, are provided physically closer to the
inputs of the phase-detector input 420 instead of being
provided with the buffer cell 410. Providing the buffer load
resistors R, closer to the PFD inputs increases the buffer
output resistance and decreases the input resistance of the
PFD, thus suppressing interference due to v, and v___as can
be seen from equation (3).

For example, RF ASICs typically have a R, value of
approximately 500 mv/1 mA or 500 Q. The corresponding
typical input resistance r~f/g,,, or about 2.5 kQ at 1 mA.
(The buffer and phase-detector input will typically operate at
similar current levels for noise reasons.) When the resistors
are moved to the PFD input side, the input resistance of the
PFD becomes r=~R_, or 500 Q and the buffer output imped-
ance, denoted here as r,, is given by the Early-voltage, V ,,
of' the transistors Q3 and Q4. A typical Early-voltage V , may
be 25 V at a collector current (I) of 1 mA. This translates
to a buffer output resistance r_~V /I ., or 25 kQ, yeilding an
extra v, and v, interference suppression of 25000/500, or
40 dB.

In the case where interference is already present in the
signal path from the reference signal source, simply relo-
cating the load resistors R, would not be sufficient to
suppress spurious components arising from the interference.
For instance, interference on the reference signal path may
cause a PLL spurious tone in two ways: (1) by subsampling
(i.e., folding) of unwanted tones in the PFD or (2) by
intermodulation between the reference signal and interfer-
ence tones in the signal-path of the buffer(s) (before the PFD
inputs). Hence, an alternative or additional way would be
required to suppress spurious components caused by sub-
sampling and intermodulation.

In accordance with the invention, suppression of these
tones is accomplished in a second way in which the refer-
ence frequency signal is cleaned by filtering. In the follow-
ing analysis, it is assumed that interference is caused by
interference tones. However, the concepts discussed below
are also valid for noise as well when bearing in mind that
increased noise floor or noise “humps” will be observed
instead of distinct PLL spurs associated with interference
tones.

The phase noise caused by the subsampling of the RF at
the PFD input is approximately proportional to the ratio of
the reference and interference signal slew rates (when the
interference is much smaller than the reference) at the PFD












