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Wandering Spur Suppression in a 4.9-GHz
Fractional-N Frequency Synthesizer
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Stefano Tulisi

, James Breslin, Patrick Griffin

, Michael Connor, Stephen Brookes,

Brian Shelly, and Mike Keaveney™, Member, IEEE

Abstract— Fractional-N frequency synthesizers that use a dig-
ital A—YX modulator (DDSM) to control the feedback divider
can exhibit spurious tones that move about in the frequency
domain; these are known colloquially as “walking” or wandering
spurs. Building upon a theoretical explanation of the origin of
wandering spurs, this article presents two methods to suppress
them. It describes a 4.9-GHz 180-nm SiGe BiCMOS charge-pump
phase-locked loop (CP-PLL) fractional-N frequency synthesizer
platform with a divider controller that can function as: 1) a
standard MASH 1-1-1; 2) a MASH 1-1-1 with high-amplitude
dither; and 3) a MASH 1-1-1 with a modified third stage.
Measurements confirm the effectiveness of the wandering spur
suppression strategies.

Index Terms— Divider controller, fractional-N frequency syn-
thesizers, MASH digital A—¥X modulator (DDSM), phase noise,
phase-locked loops (PLLs), quantization noise, spurious tones.

I. INTRODUCTION

RACTIONAL-N frequency synthesizers are used in elec-

tronic systems where precise frequencies are required.
Common applications include clock generation and local oscil-
lators for wireline and wireless communications. They are
also used in precision measurement equipment, such as signal
generators and spectrum analyzers, and in radar.

The most common architecture is based on a phase-locked
loop (PLL) with a feedback divider. The fractional part of
the division ratio is controlled by a digital A—X modula-
tor (DDSM) that outputs a highpass-shaped stream of integers
whose average is the required fraction. The DDSM introduces
a quantization error that contributes directly to the output
phase noise [1]. When the quantization noise introduced by
the divider controller interacts with nonlinearity in the loop,
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an elevated in-band noise floor and spurious tones (spurs)
appear at well-defined fixed offsets from the carrier [2], [3].
The latter is commonly called integer boundary spurs and/or
fractional spurs [4].

In addition to fractional spurs that are fixed in frequency,
a fractional-N frequency synthesizer with a DDSM-based
divider controller can exhibit significant spurs that move about
in the frequency spectrum. Depending on how the measure-
ment equipment is configured, the phenomenon of wandering
spurs can manifest itself in a variety of ways: one or more
spurs that appear to “walk” across the screen of a spectrum
analyzer, a noise floor that pulsates up and down erratically
from sweep to sweep, or spurs that periodically appear and
move toward the carrier and then away from it. When viewed
with a spectrogram, the structure of the phenomenon in the
frequency domain becomes evident. Since “walking” and
“pulsating” are associated with the way data are presented by
a measurement instrument—a spectrum analyzer—rather than
the phenomenon itself, we prefer to use the term “wandering
spurs” in this article.

In local oscillator applications, the fractional part of the
division ratio is constant. The double accumulation of a
non-zero constant within the divider controller, which could be
its input, an internal initial condition, and/or the expected value
of an LSB dither, causes the underlying pattern of wandering
spurs that occur in the synthesizer [5], [6]. For a system
that operates with a short time window, e.g., radar, burst
communications, and precision instrumentation, such time-
varying spurs, which can be as large as —30 to —20 dBc
when they appear in-band, can have significant adverse conse-
quences if they appear within the time window of interest. For
example, wandering spurs may be interpreted as false targets
in radar applications [7]. It is, therefore, desirable to suppress
wandering spurs.

Modified MASH DDSM architectures for the mitigation of
wandering spurs were proposed in [8], and preliminary mea-
surement results were presented in [9]. In this work, we review
the underlying mechanism that gives rise to wandering spurs
in Section II and present details of the implementation of
two wandering spur suppression techniques in a 4.9-GHz
180-nm SiGe BiCMOS charge-pump PLL (CP-PLL) synthe-
sizer platform—high amplitude dither and a modified MASH
DDSM—in Sections III and IV. The reference design, which
has a MASH 1-1-1 divider controller, has 49.4 fs jitter but
exhibits wandering spurs. We compare the effectiveness of the
two spur suppression strategies with this reference design in
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Fig. 1. Representation of the generating mechanism of nonlinearity-induced wandering spurs in a DDSM divider-based fractional-N synthesizer output (left).

Short-term spectra of the output phase noise at four successive time instants (#;—f4) showing a wandering spur moving away from the carrier (right).

Section V and show that wandering spurs are attenuated by
more than 20 dB compared to the standard MASH with a jitter
penalty of just 8 fs in the best case.

II. WANDERING SPURS IN FRACTIONAL-N
FREQUENCY SYNTHESIZERS

A. DDSM Divider Controller and Wandering Spurs

Consider a conventional CP-PLL fractional-N frequency
synthesizer shown in Fig. 1 [10], [11]. It is configured to have
an average divide ratio of

X
NavgzMnt+a:Ninl+M (1)

with a = X/M, where the input X and modulus M of the
divider controller are integers. The accumulated quantization
noise of the DDSM divider controller modulates the phase
difference at the input of the phase/frequency detector (PFD)
and, thus, contributes to the output phase noise. A chirp
pattern can be observed at the input of the voltage-controlled
oscillator [12]. This causes spurs that move at constant rates
in the short-term spectrum of the synthesizer output, as the
phase noise spectra in Fig. 1 show [6], [12].

Since wandering spurs is a time-varying phenomenon, the
spectrogram is more suitable than a spectrum for studying
and evaluating these spurs. Qualitatively, the spectrogram is
produced by arranging a set of short-term spectra in the order
of time. The two axes in a spectrogram represent frequency
and time, respectively. The amplitudes in the short-term spec-
tra are represented by different colors. The example simulated
spectrogram in Fig. 2 shows a V-shaped wandering spur event
that occurs at around 7.5 ms, where the wandering spur moves

toward the zero offset frequency, which corresponds to the
carrier and subsequently away from it.

B. Categorization of Wandering Spurs

The wandering spur phenomenon arises in a variety of
divider controller architectures when the fractional divider
ratio is fixed [12], [13]. In this article, we focus on a commonly
used MASH 1-1-1 divider controller in this article.

The wandering spur generating mechanisms in a MASH

1-1-1 DDSM-based fractional-N frequency synthesizer have
been elaborated in [6] and [14]. Wanderings spurs have been
classified into three cases based on the input to the MASH
1-1-1 DDSM divider controller [6], [14]. Denote the constant
input to the MASH 1-1-1 as x[n] = X, and express X in the
form
kM +r kM ,
X = 5 =D +X 2)
where k, D, and r are integers. k and D are coprime and
non-negative. The wandering spurs can be categorized based
on the constant input to the three-stage MASH 1-1-1 divider
controller.

1) Case I: When k = 0, i.e., the small input case where
the accumulation of the input X itself leads to a simple
linear pattern in the first stage.

2) Case II: When k > 0 and r # 0, the residue r
under modulo operation is non-zero and produces the
most prominent linear pattern in the first stage after
accumulation.
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Fig. 2. Example spectrogram showing a wandering spur event. Conventional short-term frequency spectra (a)—(c) show that the spurious peak moves up in

frequency with time during the event.

TABLE I
EXAMPLE INPUTS OF DIFFERENT WANDERING SPUR CASES

« X k D r Input Case
1
i 1 0 1 1 Case I
1 1 M
5+ 37 5+ 1 1 2 1 Case 11
1 M
5 5 1 2 0 Case III

3) Case III: When k > 0 and r = 0, no residue results
under modulo operation, and the apparent linear pattern
appears in the second stage.

In a hardware implementation, the divider controller mod-
ulus M is typically an integer power of two, i.e., M = 2V for
a DDSM with a N-bit input. For a value of M that is not an
integer power of two, the categorization above still applies.

Examples for all three MASH 1-1-1 DDSM input cases are
shown in Table I. A small input X = 1, which givesa = 1/M,
causes Case I wandering spurs. When the input is just slightly
offset from a fraction of M, e.g., when X = M/2 4+ 1 and
o = 1/2+ 1/M, Case II wandering spurs can be observed.
When the input X is a simple fraction time of M, for instance,
when X = M/2 and a = 1/2, Case III wandering spurs may
occur.

Representative waveforms and spectrograms for the three
cases are shown in Fig. 3. The top three rows show the
quantization error signals in the first, second, and third stages
of the MASH 1-1-1, which are denoted e[n], e>[n], and e3[n],
respectively. The double accumulation of a constant is the
root cause of wandering spurs. It leads to the quantization
error signal having the characteristic parabolic structure, which
produces the chirp that causes the time-varying spurs that

form the V-shaped patterns in the spectrogram. In Case I
and Case II, the e;[n] signal contains the parabolic structure.
In Case III, the parabolic waveform appears in ez[n].

These signals contain the underlying pattern of the wan-
dering spurs that are eventually manifested at the output of
the synthesizer in each corresponding case. According to
the classical linear analysis of the MASH 1-1-1 DDSM, the
quantization error signal e;[n] should be canceled in the error
cancellation network and, therefore, is not present explicitly in
the output of the divider controller. In practice, the wandering
spurs in Cases I and II are caused by interaction between the
phase deviation due to the divider controller and nonlinearities
within the synthesizer loop, such as those of the PFD and
CP [6]. After distortion by the nonlinearity, spectral compo-
nents associated with e»[n] in the divider controller noise cause
the most significant pattern in the e;[n] spectrogram to appear
in the synthesizer output. In these two cases, periodic wan-
dering spur events can be observed. By contrast, wandering
spurs that are independent of the nonlinearity, i.e., the spurs
are inherent to the synthesizer, are present in Case III [14].
In Case III, the divider controller noise is directly related
to the es3[n] signal that contains the wandering spur pattern.
As the result, numerous wandering spur events are present in
the synthesizer output, resulting in complex patterns in the
spectrogram.

IIT. MITIGATION SOLUTIONS TO WANDERING SPURS

In this section, two wandering spur mitigation techniques
based on a MASH 1-1-1 DDSM, namely, a high-amplitude
dither solution and a modified MASH solution, are described.

A. Prior Art: High-Amplitude Dither Solution

The root cause of wandering spurs in a MASH 1-1-1
DDSM-based fractional-N frequency synthesizer is the
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from the first stage, the second stage, and the third stage of a MASH 1-1-1, respectively. Spectrograms of the scaled versions of the signals carrying the

underlying wandering spur pattern in each case are shown on the bottom row.
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Fig. 4. MASH 1-1-1 DDSM divider controller and wandering spur suppression techniques based on it.

double accumulation of a constant within the MASH divider
controller. The analysis reveals that the quantization error of
the second stage either contains the underlying pattern itself
or causes the underlying pattern to arise in the third-stage
quantization error [6], [14].

A MASH 1-1-1 DDSM with wandering spur suppression
techniques can be represented by the schematic shown in

Fig. 4. A standard MASH 1-1-1 DDSM consists of three stages
of first-order error feedback modulator (EFM1), which are
essentially digital accumulators. A first-order shaped dither is
introduced by injecting uniformly distributed LSB dither d;[n]
at the input of the second EFMI. This is used to lengthen
cycles and randomize e3[n] without adding a frequency
offset [15].
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Adding high-amplitude dither d»[n] at the input to the CB'eedl

third-stage EFM in a MASH 1-1-1 introduces noise that is . ontro Frternai

uncorrelated with ez[nJ and can, thfareby, mitigate wandering fm)_>/ cp L/ Bleed 7L00p L four

spurs [8]. As shown in [8], the dither signal d)[n] can be —> ) L7 Filter

effective for mitigating wandering spurs. When dither d,[n] is ?ICP ?IBM aNes i fouttow

applied, the output of the third-stage EFM is

1
Vi) =+ (Ex(2) — (1 — 27 ") E3(z) + D2(2))
and the output of the MASH DDSM controller is

3)

Y(2) ~ %(X — (1= Y E@+ (- z*l)zDz(z)) (4)

where X is the constant input. The LSB dither d,[n] is
neglected in the expression above. A uniform dither with
a range [0, M) can be applied for effective wandering spur
mitigation in the presence of an assumed strong piecewise
linear PFD/CP nonlinearity [16].

The dither signal d,[n] is generated from an on-chip inde-
pendent source that is external to the MASH DDSM. Since the
dither d»[n] dominates the quantization noise of the MASH
divider controller, care must be taken in order to ensure its
spectral performance. Since the required uniform dither has
a large number of bits, the complexity of implementation is
higher than that of the original MASH 1-1-1 DDSM divider
controller.

B. Modified MASH Wandering Spur Solution

The required range of the uniform random number source
for the uniform dither solution is [0, M). In the theoretical
analysis of the quantization noise of a MASH 1-1-1 DDSM,
the quantization noise from the third-stage EFM1 e3[n] is often
considered to be uniformly distributed in [0, M) [8].

Therefore, instead of introducing an externally sourced
dither signal, a dither transfer function DT(z) can be applied
to the error signal es[n] of a MASH 1-1-1 to generate an
equivalent dither signal d»[n], as indicated in Fig. 4. Thus,

D;(z) = DT(2)E3(2). 5)

When the dither transfer function DT(z) is applied, the
output of the third-stage modified EFM can be expressed as

(6)

In [8], several dither transfer functions that are effective
in mitigating wandering spurs have been presented. As an
equivalent to the uniformly distributed explicit dither, a dither
transfer function

1) = 2 (E20) — (1 < = DTG) Es(o)

DT(z) =z* (7)

can be used.

As mentioned in [8], a first-order shaped equivalent dither
can be achieved by choosing a suitable dither transfer function.
Therefore, we also consider the dither transfer function

DT(z) =2(1 -z ")z % ®)

This yields a third-order shaped quantization error of the
MASH divider controller that has identical low-frequency
noise to that of the original MASH 1-1-1.
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Fig. 5. Block diagram of the implemented fractional-N frequency
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Fig. 6. Photomicrograph of the implemented synthesizer. The modulator is
a MASH divider controller with wandering spur solutions.

Compared to the conventional MASH 1-1-1, a multi-bit
quantizer is required in the modified EFM stage, and the
buses of the cancellation network (shown in the dashed box in
Fig. 4) are wider. The modified MASH has an output range of
[—11, 12] versus [—3, 4] for the standard MASH. Attention
should be given to the minimum division ratio due to the
extended range to prevent consequences of extremely small
division ratios [8]. Also, a wider output range leads to a small
increase in the in-band phase noise, as we will show.

IV. IMPLEMENTATION DETAILS
A. Synthesizer

A block diagram of the implemented synthesizer is shown
in Fig. 5. A photomicrograph of the synthesizer is shown
in Fig. 6. The synthesizer is based on an identical archi-
tecture to that described in [17] and [18] and has a similar
power consumption. It comprises a type-II CP fractional-
N frequency synthesizer implemented in a 180-nm SiGe
BiCMOS process [17]. A bipolar CP operating from a 5-V
supply is employed. In addition to programmable up and
down CP current sources, the synthesizer contains a set of
binary-weighted current sources to provide a variable bleed
current. This bleed current is used to set the CP operating point
at regions of different local linearity in the overall transfer
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which consists of Ng-bit EFMs. Modulus M = 2Nk = 20 for Level 1 to
Level 4 and M5 = Mg = 2 for Level 5 and Level 6.

characteristic. A quad-core pseudo-differential Colpitts VCO
is used to generate output frequencies, which covers the
range from 4 to 8 GHz. Furthermore, dividers and multipliers
are available at the output of the synthesizer to provide an
extended output frequency range. A passive third-order RC
loop filter is implemented externally using discrete compo-
nents for the filtering of the phase noise contribution from the
divider controller. A closed-loop bandwidth of approximately
100 kHz is chosen to optimize the phase noise performance.
The MASH divider controller with selectable wandering spur
solutions, which is the emphasis of this work, is implemented
on-chip, and it will be detailed next.

B. MASH Divider Controller

The 26-bit (N = 26 and M = 22°) MASH divider controller
of the synthesizer is implemented over six levels using a
nested cascaded structure to maximize the operational clock
frequency [19]. Fig. 7(a) shows the implementation of the
divider controller. Each level consists of three cascaded EFMs
having the same modulus M;, as shown in Fig. 7(b). The
delayed outputs of the EFMs of each stage of a level are
added to the inputs of the corresponding EFMs in its upper
level. The outputs from the top level (Level 1) are combined
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Fig. 9. Measurement setup for the fractional-N frequency synthesizer with
MASH-based wandering spur solutions.

through the error cancellation network to generate the output
of the MASH divider controller. Each of the top four levels
(Level 1-Level 4) consists of 6-bit EFMs, which is the result
of the tradeoff between area and delay [19]. In order to
achieve a configurable divider controller modulus, the EFMs
are implemented with variable modulus in the two additional
levels at the bottom [20]. They function as 1-bit EFMs in the
measurements.

In each level, the first two cascaded stages are identical
conventional first-order EFMs, as shown in Fig. 8(a). The
high-amplitude dither d»[n] is divided into d »[n] and injected
into each level based on the bit width of the EFM at that
level.

In order to implement the modified MASH solution, the
third EFM in each level is designed to be configurable; its
structure is shown in Fig. 8(b). The configurable EFM has a
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Fig. 10. Representative measured short-term spectra and spectrograms of the output of the synthesizer in Case I. The divider controller is configured as
a MASH 1-1-1 DDSM without wandering spur suppression, a MASH 1-1-1 with uniform high-amplitude d[n] applied, a modified MASH implementing
DT(z) = z~2, and a modified MASH with DT(z) = 2(1 — z~")z 72, respectively. The divider controller input is X = 1.

variable feedback transfer function
FT.(z) =z~ + DT(z). 9)

In the implementation, two options for the dither transfer
function are available. When DT(z) = 0, the stage functions
as a conventional first-order EFM; this is used as the reference
for comparison purposes. When the modified MASH solution
is enabled, FT,(z) is set such that one of the dither transfer
functions DT(z) = z72 or DT(z) = 2(1 — z ")z72 is
applied. When the dither solution is enabled, the dither transfer
function remains DT(z) = 0.

Note that, since the EFM output y; ;[7] is from the delayed
accumulator output, the input xi[n] and dither dj»[n] to the
kth level experience corresponding delays; this ensures the
correct equivalent initial condition of the first stage EFM1
and dither signal d)[n] in a conventional MASH structure.
A pseudorandom number generator based on a 61-bit linear-
feedback shift register provides the uniform dither dj »[n] at
each level. Compared to the standard MASH 1-1-1 divider

controller, the modified MASH divider controller occupies a
negligible additional area of 38 um?.

V. MEASUREMENT RESULTS
A. Measurement Setup

The measurement setup for the implemented frequency
synthesizer is shown in Fig. 9. A reference frequency of
122.88 MHz is provided by a signal generator. The integer
part of the divide ratio Nj,, = 40 gives an output frequency
of approximately 4.9 GHz.

Four configurations of the MASH divider controller are
available: 1) DT(z) = 0, i.e., a standard MASH 1-1-1;
2) a standard MASH 1-1-1 with a uniform high-amplitude
dither d)[n] with a range [0, M); 3) the modified
MASH with wandering spur mitigation having DT(z) =
z72; and 4) the modified MASH DDSM implementing
DT(z) =2(1 — z_])z_z.

In order to observe the potential wandering spur phenom-
enon, a Rhode & Schwarz FSVR spectrum analyzer with
real-time spectrum function is used to generate the output
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Representative measured short-term spectra and spectrograms of the output of the synthesizer in Case III. The divider controller is configured as

a MASH 1-1-1 DDSM without wandering spur suppression, a MASH 1-1-1 with uniform high-amplitude d[n] applied, a modified MASH implementing
DT(z) = z~2, and a modified MASH with DT(z) = 2(1 — z~!)z~2, respectively. The divider controller input is X = M/2 and s;[0] = 1.

spectrogram of the synthesizer. The phase noise profiles and
conventional output spectra are measured using a Rhode &
Schwarz FSWP spectrum analyzer.

B. Spectrograms of Output Phase Noise

According to the analysis in [6], the presence of nonlinearity
in a synthesizer gives rise to the wandering spurs in Case
I and Case II. In Case III, the MASH 1-1-1-based synthe-
sizer would exhibit wandering spurs even if there were no
nonlinearity [14]. Therefore, only the results for Case I and
Case III are presented due to the qualitatively similar gener-
ating mechanism between Case I and Case II. Representative
divider controller inputs that lead to prominent wandering spur
patterns in a standard MASH 1-1-1-based synthesizer are used.
The bleed current is set to zero during the real-time spectrum
and spectrogram measurements. This locates the PFD/CP
operating point at a nonlinear region and, consequently, causes
more prominent wandering spurs. Measured short-term spectra
and spectrograms for synthesizer without and with wandering
spur suppression are presented in Figs. 10 and 11.

Fig. 10 shows measurement results for Case I when the
divider controller constant input is X 1 (fractional part
o = 1/M). In each screenshot, the upper part is a conventional
short-term spectrum at the corresponding marker position in
the synthesizer output spectrogram shown at the bottom. The
short-term spectrum when the MASH 1-1-1 DDSM reference
design with DT(z) = 0 is employed shows the wandering
spurs at offsets of approximately +150 kHz. The spectro-
gram exhibits characteristic tip-to-tip V-shaped traces. The
wandering spur amplitudes at the marker locations are —49.2,
—34.09, and —23.6 dBm. When the uniform high-amplitude
dither is applied, the wandering spurs have been attenuated
by about 10 dB. The bottom row of Fig. 10 shows results
when the modified MASH with DT(z) = z =2 and DT(z) =
2(1 — z7")z 72 are used, respectively. No wandering spur is
observed in the synthesizer output when these two solutions
are enabled.

Case III results are shown in Fig. 11. The divider controller
constant input is X = M/2 (fractional part o = 1/2), and the
first stage initial condition is s;[0] = 1 in the measurements.
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Fig. 12. Measured profiles of the synthesizer output phase noise (left) and analytical estimates (right) when the divider controller is configured as a MASH
1-1-1 DDSM, a MASH 1-1-1 with the uniform high-amplitude solution, the modified MASH solution implementing DT(z) = z~2, and the modified MASH

solution with DT(z) = 2(1 — z~ 1)z 2.

The spectrogram in the reference design case shows wandering
spurs. Note that the spectrogram exhibits a more complex
pattern of wandering spurs than in Case 1. The measurement
results show that all three suppression techniques eliminate

wandering spurs in this case.

C. Long-Term Output Phase Noise Profile

The long-term output phase noise profile is a conventional
method for characterizing a synthesizer’s performance. Due to
averaging, wandering spurs are typically not manifest in the
output phase noise measurement. The bleed current is set for a
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Measured output spectrum of the output of the synthesizer when the divider controller is configured as a standard MASH 1-1-1 without wandering

spur suppression and a modified MASH that implements DT(z) = 2(1 — z~!)z~2. The bleed current is set to zero, giving a PED/CP operating point at a

strongly nonlinear region.

PFD/CP operating point with good local linearity in the phase
noise measurements.

Example measured output phase noise profiles of the syn-
thesizer in the conventional and wandering spur suppression
modes are shown in the left column of Fig. 12. The output
phase noise estimates for each case are presented in the right
column. The reference design with the MASH 1-1-1 DDSM
divider controller has an output jitter of 49.4 fs. When the
uniform additive high-amplitude dither solution is enabled,
the phase noise outside the synthesizer loop bandwidth is
significantly higher than the reference MASH 1-1-1 DDSM
case; this is caused by the second-order shaped quantization
noise of the divider controller. As a result, the output jitter
when the dither solution is applied is 91.9 fs. Similar to the
dither solution, the modified MASH solution with DT(z) =

2 also leads to higher phase noise due to the second-order
shaped quantization noise of the divider controller. The syn-
thesizer employing this modified MASH has an output jitter
of 93.8 fs.

By contrast, the quantization noise of the modified MASH
solution with DT(z) = 2(1 — z7")z72 is third-order shaped
and, thus, provides a phase noise profile that is closer to
that when a MASH 1-1-1 is used. However, in comparison
to the standard MASH 1-1-1 DDSM, due to the wide range
of the output, the in-band noise of the synthesizer increases by
approximately 1 dB when the wandering spur mitigation solu-
tion is enabled. This, together with additional high-frequency
noise introduced by the modified MASH divider controller,
causes the output jitter to increase to 56.8 fs compared to the
reference MASH 1-1-1 design. A higher order loop filter could
be used to attenuate the high-frequency noise contributed by
the divider controller for the improvement of the phase noise
and jitter performance in this case.

D. Fixed Spurs

Measurement results of the synthesizer output when the
standard MASH 1-1-1 DDSM and the wandering spur solution
with DT(z) = 2(1 — z7")z7? are used are shown in Fig. 13.
The bleed current is set to zero during these measurements,
placing the PFD/CP operating point in a strongly nonlinear

-40 T T T

-60 |
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-100 | Y |
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120 ] ] ]
10° 102 108
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Fig. 14. Measurement results for the worst integer boundary spur amplitudes
of the synthesizer.

region. Despite the larger output range of the wandering
spur solution with DT(z) = 2(1 — z7")z 2, no significant
difference in the noise floor levels is observed. Also, the
two divider controllers have similar performance in terms
of integer boundary spur amplitudes in the measurements.
This indicates that synthesizer nonlinearity, rather than the
divider controller architecture, determines the fixed spur
performance.

Fig. 14 shows the results for the worst integer boundary spur
amplitudes of the synthesizer at different offsets. The results
are measured with the optimum bleed current settings.

VI. CONCLUSION

Key performance metrics of the synthesizer with its MASH
divider controller configured as a standard MASH 1-1-1
DDSM and a modified MASH with wandering spur mitigation
are compared in Table II.

When the uniform high-amplitude dither solution is enabled,
wandering spurs are attenuated by about 10 dB in Case I in
the measurement. The measurements indicate that the uniform
high-amplitude additive dither can eliminate wandering spurs
for Case III inputs. Due to the second-order shaping of the

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on April 21,2022 at 08:27:56 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

MAI et al.: WANDERING SPUR SUPPRESSION IN 4.9-GHz FRACTIONAL-N FREQUENCY SYNTHESIZER 11

TABLE 11
PERFORMANCE COMPARISON

ISSCC22 JSSC20 ISSCC18
Reft This Work
ererence S Or] [21] [22] [23]
. DT(z)=0 Uniform Dither | DT(z) = DT(z) =
Confi t N/A N/A N/A
OMIEHIHON - \IASH 1-1-1) | da[n] € [0, M) 22 21—z~ 1)z2
Technology 180 40 40 65
(nm)
Supplies
1.2/3/5 N/A 1.1 N/A
V)
fprD
122. 40 0 2
(MHz) 88 5 5
fvco
~ 4.9 2.68 1.67-3.12 3.7-4.1
(GHz)
Loop BW
100 N/A 2760 150
(kHz)
In-Band Noise
—114 —113 —113 —113 —117.4 —100 —104
(dBc/Hz)
Noise at 3 MHz
—143 —128 —127 —139 N/A N/A N/A
(dBc/Hz)
Jgt:)r 49.4 91.9 93.8 56.8 182 2260 183
Integrated Range 1k=100M 10k—40M | 1k-100M 1k-30M
(Hz)
Power
Consumption 118 3.48 4.85 5.28
(mW)
5
1:;311\;[) -245.4 -240.0 -239.8 -244.2 —249.4 —226.1 —247.5

* FoM = 101log, ((Jitter/1s)? x (Power/1mW))

quantization noise when the dither solution is applied, the
high phase noise outside the loop bandwidth compared to the
standard MASH 1-1-1 DDSM-based synthesizer leads to an
increase in the output jitter from 49.4 to 91.9 fs.

When the modified MASH with DT(z) = 772 is used,
no wandering spurs are observed in the Case I or Case III
measurements. The equivalent uniform dither also gives
second-order shaped quantization error of the divider con-
troller, which leads to high output phase noise outside the
bandwidth of the synthesizer. For the synthesizer with this
modified MASH, the output jitter is 93.8 fs.

When the modified MASH wandering spur solution with
DT(z) = 2(1 —z7")z72 is enabled, the amplitude envelope of
the output phase noise short-term spectrum is reduced by more
than 20 dB with a jitter penalty of less than 8 fs compared
to the synthesizer with the reference MASH 1-1-1 DDSM.
No wandering spur pattern is observed when this suppression
solution is enabled.
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