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Consequently, reference boosting schemes, such as a refer-
ence doubler [24], or a quadrupler [25], [26], have become
popular as a way of generating high reference frequencies
without using expensive high frequency crystal oscillators.
In [24] and [25] a delay line with an XOR gate is used,
while Megawer et al. [26] employed comparators with mul-
tiple voltage references to boost the frequency of the input
reference clock. However, both approaches rely on the absolute
accuracy of the delay or voltage references to avoid a period
error of the output clock, which can lead to a reference
spur. Therefore, previous reference boosting schemes require
complex calibration logic, making it hard to achieve a multi-
plication factor greater than four.

In this article, we present a reference oversampling PLL
(OSPLL) [28] whose loop operates at the output frequency
Four, which effectively suppresses the noise from the loop
components by oversampling, thereby achieving low in-band
phase noise. The low in-band phase noise, in turn, enables
wide bandwidth and better oscillator noise filtering, which
is achieved with less stability issue and low reference spur
as the loop operates at Four rather than Frgp. This article
also presents an LC digitally controlled oscillator (DCO) for
the OSPLL with fine frequency resolution and fast switching
capability. Furthermore, a timing control scheme is proposed
to optimally position the varactor switching pulse for low
phase noise. In combination with the low in-band phase
noise and the wide bandwidth, the implemented PLL achieved
67.1-fs integrated rms jitter with 5.2-mW power consumption
at 4 GHz, which leads to —256.3 FoM. The measured refer-
ence spur of the PLL was —78.1 dBc.

This article is organized as follows. Section II provides
the principle and basic operation of the OSPLL. Section III
discusses the design of the LC-DCO used in the proposed PLL.
Section IV describes the design and implementation detail of
each building block. The measurement results are presented
in Section V, and conclusions are then drawn in Section VI.

II. PRINCIPLE OF THE REFERENCE OSPLL

To better explain the principle of the proposed OSPLL,
we compare the OSPLL with a conventional PLL whose loop
operates at every reference cycle Trgr, as shown in Fig. 1(a).
The reference clock of the PLL is generated from a crystal
oscillator (XO). Since the XO output (REF) is a sinusoidal
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(a) Operation of a conventional PLL. (b) Operation of the reference oversampling PLL. (c) Comparison between a conventional PLL and the OSPLL.

waveform, it is first converted to a square wave by a reference
buffer (BUF). The output of the reference buffer CKggr is then
applied to a PD. The PD compares the positive edges of CKgrgr
to those from the feedback clock, FB, which is the divided
oscillator output clock. The PD operates at every Trgr cycle,
which is the period of CKrgr and FB. The PD output is then
applied to the loop filter (LF), and the LF output LFout drives
the oscillator, suppressing the oscillator noise. In this case, the
reference and PD noise are amplified by the frequency division
ratio (N). Also, the reference buffer can induce large noise
and/or power when it converts the sinusoidal reference, which
has a slow slope, to a square wave [10].

Fig. 1(b) shows the conceptual diagram of the OSPLL [27],
[28]. Without a reference buffer, the sinusoidal reference REF
is directly applied to the sampling switch input. The switch
samples its input at the falling edge of the oscillator output
FB, which is the same as OUT, forming a PD. The PD of
the OSPLL is based on the sampling circuits whose output
voltage is proportional to their input phase error with the gain
defined by the slope of the reference clock dVrgp/dt [29].
As the PD samples the phase error at every Tour, the loop
now operates at a Foyr rate, noise from the loop components
is effectively suppressed by oversampling. This is illustrated
in Fig. 1(b), where the black dots represent the sampling
points, and the phase error of FB is converted to the sampled
voltage VsvpL. Note that different dc value at the sampling
points is addressed using N interleaved PDs implemented
with the ac coupling scheme, which will be explained later
in this section. The extracted phase error at every FB edge
then drives LF and its output LFoyr suppresses oscillator
noise. In other words, the OSPLL loop operates in Foyr not
Frer, simultaneously enabling low in-band phase noise, wide
bandwidth, and low spur as shown in Fig. 1(c). In addition,
since the OSPLL directly samples the sinusoidal reference
from the XO, no reference buffer is needed, improving power
efficiency and output phase noise.

Fig. 2(a) shows the detailed structure of the proposed
OSPLL. N reference sampling PDs (RSPDs) directly sample
the input reference sinewave REF from the XO. ®(1:N)
denotes the time-interleaved sampling clocks generated from
the DCO output (OUT) so that the effective sampling period
of the RSPDs is the DCO period Tpco while each RSPDs
operates in Trgr, relaxing the speed requirements. The RSPD
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Fig. 2. (a) Simplified block diagram of the OSPLL. (b) Conceptual diagram of the sinusoidal reference and the RSPD sampling points.
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Fig. 3. (a) RSPD with the ac coupling. (b) Operation of the RSPD with ac coupling scheme. (c) Pivot RSPD. (d) Operation of the Pivot RSPD. (e) Assignment

of the pivot RSPD and ac coupled RSPDs according to the RSPD index.

sampling clock ®(1:N) is generated from the multiphase gen-
erator, driven by OUT. Each RSPD operating at ®(i) receives
OSMPL(i) and ®COMP(i) to control the sampling switch and
the comparator, respectively, in the corresponding RSPD(i).
At the falling edge of ®SMPL (i), REF is sampled on a sam-
pling capacitor Cs. Assuming there is no noise in OUT, each
RSPD samples an identical point of the sinewave reference
REF, marked with a blue dot with corresponding RSPD index
as shown in Fig. 2(b). Jitter in OUT will then cause a change
of the sampled voltage, which represents the phase error.
Therefore, the nominal dc value of Vgypr is constant, and the
voltage fluctuation due to the DCO jitter is superpositioned on
the dc voltage. The sampled voltage Vsmpr is then quantized
by a comparator at the rising edge of ®COMP(i) to produce
1-bit PD output PDOUTY(i), which indicates the phase of
OUT either leads or lags the phase of REF. An ac coupling
capacitor is placed between the sampling capacitor and the
comparator to remove the dc voltage of Vsypr. PDOUT(1:N)
is then converted to DCO control word (DCW) by the digital
loop filter (DLF) and fed to the DCO, forming a bang-bang
PLL (BBPLL) operating at every DCO cycle.

Since each RSPD samples different points of the sinusoidal
reference REF, the sampled voltages of the RSPDs have
different nominal dc values, which raise several issues. In order
for the comparator to accurately quantize the phase error,
the sampled voltage must be compared with a reference
voltage representing the nominal voltage of the sampling point.
As each RSPD samples a different point of the sinusoidal
reference clock, N voltage references that accurately represent

the sampling points are needed, which is impractical. The
different common mode levels of each comparator also make
it difficult to optimize the comparator. The ac-coupling scheme
shown in Fig. 3(a) solves this issue by removing the dc of the
sampled voltage, so that only a single reference voltage can
be used for every RSPD. The dc level of Vgypr is blocked
by C¢ and only the ac fluctuation caused by the output
jitter is passed to the comparator input, which is biased at
Vem using a large resistor. Note that the other comparator
input, V—, is also biased at V¢y through the same type of
resistor. Therefore, the comparator can operate at its optimal
common mode voltage, Vcoum. This ac coupling operation is
illustrated in Fig. 3(b). The DCO jitter is converted to Vsympr
and then its dc level is shifted to around V(y through ac
coupling.

Since only ac fluctuations of the phase error can be detected
through the coupling capacitor, an RSPD with ac coupling
cannot provide absolute dc phase locking. Therefore, one of
N RSPDs, RSPD(1), is designed as a pivot RSPD, without the
ac coupling capacitor, to achieve absolute dc phase locking
as shown in Fig. 3(c). The comparator reference voltage of
the pivot RSPD is set to Vcm, which is also the positive
zero crossing point of REF, so that it can provide the pivot
position of the phase locking at the REF zero crossing while
the sampling points of the other RSPDs are defined relative
to the pivot position as shown in Fig. 3(e). Fig. 3(d) shows
the operation of the pivot RSPD where the sampled voltage
Vsmpr 1s directly compared with Vey to provide dc phase
locking point.
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As the ac coupling scheme effectively blocks the dc varia-
tion of the sampled voltage, the proposed RSPD is insensitive
to the multiphase error between sampling clock ®(1:N),
or the distortion of the input sinewave reference. The sam-
pling clocks, ®(1:N), are generated from the multiphase
generator and distributed to each RSPD. Mismatch in the
multiphase generator and the wire delay can create multiphase
error between ®(1:N). This static phase error can move the
sampling point slightly, resulting in the dc voltage shift at
Vsmpr as shown in Fig. 4. However, the dc voltage shift in
VsmpL 1s blocked by the ac coupling capacitor and it does not
affect the 1/0 probability at the comparator output. Likewise,
the distortion of the sine reference is blocked by the ac
coupling. Therefore, the multiphase error and the reference
distortion do not create a reference spur at the PLL output,
which is verified by simulation.

The intrinsic noise of an RSPD is composed of sampling
noise (Vy smpL) and comparator noise (Vy comp) as shown
in Fig. 5. The noise power generated by the two noise
sources is identical for every RSPD. However, the input
jitter-to-sampled voltage gain, represented by A VsypL/At at
RSPD(i), depends on the slope (SLOPE(i)) of the sinusoidal
reference where the RSPD(i) samples, which can be expressed
as follows:

AVsupL = SLOPE(I) - At

i—1
=

d .
= —[Argr sin(wrer?)] - At, Trer

dt

 — 1
AREFWREFCOS (271‘ lT) - At (1)

where Aggr is the amplitude of the input sinusoidal reference.
The main implication of (1) is that due to the different slopes
of the sinusoidal reference that each RSPD samples, the gain
from the timing jitter Ar to the sampled voltage differs for
each RSPD, as does the SNR of each RSPD. For example,
near the zero-crossing point of the reference clock, the input
slope is steeper, thus the gain from Af to A Vsypp is higher as
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shown in Fig. 6(a). This high gain suppresses the subsequent
noises Vi smpr and Vy comp, providing excellent At detection.
On the other hand, when the sampling points are near the peak,
the gain is small, so the RSPD output is mostly dominated by
VN .smpL and Vn.comp rather than Ar.

For the optimal noise performance of the PLL, it is benefi-
cial to emphasize the RSPDs that sample steeper points of
REF compared with the RSPDs that sample REF near its
peak points. For this, we set a different proportional path
gain PGAIN(1:N) for each RSPD, so that the gain of each
RSPD is proportional to the slope of the sampling points,
which is quadrature to the reference clock, REF, as shown
in Fig. 6(a). Note that it is even possible to remove the RSPDs
near the peak/bottom which has near zero PGAIN value to
save area and power. Fig. 6(b) shows the simplified structure
of the proposed DLF, where the RSPD output PDOUT(1:N)
is multiplied by the corresponding proportional path gain
PGAIN(1:N), realizing the gain profile in the proportional
path output UP/DN(1:N). Note that for the integral path, only
one of the PDOUTs, PDOUTY(1), is used to lower the operation
speed and save power.

A discrete time domain model [30], shown in Fig. 7,
is adopted to simulate the PLL noise and optimize its design
parameters. The periodically time variant parameters such as
SLOPE[i] and PGAIN[i] are modeled as shown in Fig. 7,
while the index i is calculated as MODy[k] + 1. MODy is a
modulo-N operation, and k is the index of the timestamps
of the simulation, which increases by 1 at every Tpco.
In other words, the entire model operates in a single DCO
clock domain. The reference sampling operation is modeled
with a gain block with the gain of SLOPE[i] as derived
in (1), and the sampling noise is added at its output. The
comparator model is composed of a 1-bit quantizer and a
latency block, Z~ P, that models the comparator evaluation
time (D = 6 in the implementation, where D represents the
number of DCO cycles). Also, the input referred noise of the
comparator Vy complk] is added to the input of the quantizer.
The DLF consists of a proportional path and an integral
path. The proportional path is modeled with the periodically
varying gain PGAIN[:/], which is proportional to SLOPE][i]
with the amplitude of f. The integral path sub-samples its
input when MODy[k] = 0 because the integral path only
utilizes PDOUT(1). The sampled output is then applied to the
integrator and the integral gain alpha. The output of the DLF
is followed by the DCO, which is modeled as an integrator
with a gain of Kpco and the DCO noise #y pcolk] added at
the output. The DCO output is fed back to the input, forming
a PLL loop.

Fig. 8 shows the simulated output phase noise spectrum of
the proposed OSPLL model. The number of the RSPDs (N)
in the OSPLL is 20 and the reference frequency is 200 MHz,
resulting in a 4-GHz output frequency. In order to show the
advantage of the proposed OSPLL architecture, a conventional
BBPLL is also simulated and its phase noise spectrum is
plotted in Fig. 8. Compared with the BBPLL, the OSPLL
achieved 10.1 dB of in-band phase noise suppression; the
in-band phase noise of the OSPLL and the conventional
BBPLL are —132.9 and —122.8 dBc/Hz, respectively. The
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In the sinusoidal reference, there exists several low Slope Fig. 9. (a) Simulated noise amplification due to sinusoidal reference when

sampling points such that the RSPD output is dominated by the
loop components noise. As a result, there will be an in-band
phase noise amplification compared with when all sampling
points have the same highest slope of the sinewave reference.
This in turn lowers the in-band phase noise improvement
of oversampling from 10logN to 10logN-Ay, where Ay
is the noise amplification. Fig. 9(a) shows the simulated
in-band phase noise amplification with different multiplication
ratio N. The noise amplification is 3 dB regardless of N when
N > 2. This also agrees with the simulation results in Fig. 8,

cosine PGAIN profile is used. (b) Tested PGAIN profile when N = 20.
(c) Simulated noise amplification compared with flat profile when N = 20.

where the improvement from oversampling when N = 20 is
10logN-Ay = 13 dB-3 dB = 10 dB. Note that when N =
1, 2, the noise amplification is 0 dB since all sampling points
have the same highest reference slope.

The effect of the time-varying proportional gain (PGAIN)
on the noise amplification is verified by comparing OSPLLs
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operating with different PGAIN profiles, as shown in Fig. 9(b).
Flat profile has the same PGAIN value for all RSPD indexes.
The cosine is the profile we adopted in this design, which
is quadrature to the input sinewave reference. Clipped cosine
and sawtooth profiles represent steeper and more gradual
slopes compared with the cosine profile. Fig. 9(c) shows the
simulated in-band phase noise amplification when N = 20.
The noise amplification of the flat and cosine profile was
4 and 3 dB, respectively, showing that 1-dB in-band phase
noise improvement is achieved by using the time varying
cosine PGAIN profile. Clipped cosine and sawtooth profile
show 3.07- and 3.08-dB noise amplification, which is slightly
worse than the cosine profile, but this implies that as long
as the profile emphasize the high slope sampling points and
deemphasize the low slope sampling points, the improvement
is similar.

In addition to the noise of each building block, one impor-
tant parameter of the OSPLL for jitter minimization is the
latency of the loop, which is dominated by the comparator
evaluation time modeled as Z~” in Fig. 7. As the optimal
loop bandwidth for the proposed OSPLL is high (~20 MHz)
due to its low in-band phase noise level, the minimization of
the latency is critical for low jitter [19]. Fig. 10 shows the
simulated PLL jitter with different latency values, increasing
at a 0.9-fs/250-ps rate. In this work, the latency is designed
with six DCO cycles (1.5 ns) as a result of a trade-off between
the latency and the comparator input transistor size. Note that
even though the loop latency is multiples of the effective loop
operating cycle (Tpco), there is less stability or limit cycle
issue since the loop time constant (1/Fpw) is much larger
compared with the loop latency [45], [46].

III. DCO DESIGN FOR REFERENCE OSPLL

The design of an LC-DCO for the OSPLL introduces several
requirements that differ from those of a conventional PLL.
Fig. 11 shows the conceptual diagram of an LC-DCO for the
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DAC.

OSPLL. Phase detection is performed in every DCO cycle,
as is frequency control. However, due to the Fpco rate fre-
quency control, it is challenging to support the fine frequency
tuning step that is needed for the LC-DCO. According to
simulation, the required frequency step of the proportional path
is less than 10 kHz, which requires a sub-10-aF capacitance
change. In conventional PLLs, where the loop operates in a
reference cycle, this LC-DCO fine frequency step can be easily
implemented using delta sigma modulator (DSM) clocked at
Fpco or a lower frequency [19]-[21]. However, this scheme
cannot be adopted for the proportional path of the OSPLL,
whose update rate is equal to Fpco. In addition, the DCO
needs to support the proportional path gain profile, which is
proportional to the slope of the sampled reference point as
explained in Section II. Therefore, the DCO should have the
ability to set a different gain at each RSPD output as seen
in Fig. 11.

Fig. 12 shows the structure of the unit cell of the pro-
posed proportional DAC used in the LC-DCO to meet the
aforementioned requirements of the OSPLL. Fig. 12(a) shows
the principle of the unit cell operation. The unit cell consists
of two NMOS varactors whose gates are connected to the
Vbcop/n while the bottom nodes of the varactors Vpor are
connected to a driver whose supply voltage is Vsrgp. This
driver generates a pulse with an amplitude of Vstgp, which
drives the varactor bottom node for one DCO cycle.

This short pulse enables fast frequency switching so that
the DCO frequency can be briefly increased by Fsrgp for one
DCO cycle. The size of the frequency step, Fstgp, is controlled
by Vstep. By setting Vsrep sufficiently small, we can achieve
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