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Abstract— A digital fractional-N subsampling multiplying
delay-locked loop is proposed in this paper. A zero phase-offset
latch-based aperture phase detector is introduced in a reference
spur cancellation loop to precisely cancel any static phase
offset (SPO) between the injected reference and the digitally
controlled oscillator (DCO) phases. An in situ detection scheme
is employed to directly measure this phase offset accurately by
obviating the requirement of a high-speed off-chip measurement
setup. Moreover, a mathematical expression is derived for the
calculation of reference spur generated from a given SPO.
A uniformly distributed switched capacitor-based DCO fre-
quency tuning achieves highly linear gain. The chip prototype
is fabricated in a 1.2-V supply, 65-nm LP CMOS technology
and covers an output frequency range of 0.2-1.45 GHz while
occupying a core area of 0.054 mm?. Measured phase noise at
1.4175 GHz is —95 dBc/Hz at 100-kHz offset, which is 9 dB lower
than in phase-locked loop mode of operation.

Index Terms— Aperture phase detector (APD), digitally con-
trolled oscillator (DCO), fractional-N, multiplying delay-locked
loop (MDLL), phase-locked loop (PLL), reference spur, static
phase offset (SPO), subsampling.

I. INTRODUCTION

HE design of highly digital phase-locked loop (PLL)

architectures [1]-[4] is gaining traction in nanoscale
CMOS processes by obviating the need for an area consuming
analog loop filter and circumventing the voltage headroom
issue of the charge-pump (CP). Other benefits of the digital
implementation include immunity to process, voltage and
temperature (PVT) variations, easier portability to technol-
ogy migration, and flexibility in performance optimization
by reconfiguring the loop parameters. A classical digital
implementation replaces the phase-frequency detector (FD)
and the CP present in an analog PLL with a time-to-digital
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converter (TDC). The digital loop filter (DLF), unlike an
analog one, can be realized in a compact area and the loop
parameters can easily be tuned. However, the fundamental
limitation of any PLL to achieve low phase-noise or jitter is the
loop bandwidth, which cannot exceed 1/10th of the reference
frequency in order to satisfy the discrete-time stability limit,
also known as Gardner’s criteria. As the noise of the voltage-
controlled oscillator (VCO) is high-pass filtered by the PLL
loop, this sets a limit on the maximum VCO phase noise
suppression. To overcome this drawback, the multiplying
delay-locked loop (MDLL) [5]-[8] and the injection locked
PLL, which has similar operation to an MDLL [9]-[11],
are explored recently as an alternative. Fig. 1 shows the
block diagram of an MDLL. The multiplexer in the VCO
periodically replaces the output edge (OUT) with the clean
reference edge (REF). This periodic replacement of OUT with
REF prevents the jitter accumulation over multiple reference
cycles and suppresses the VCO phase-noise beyond the PLL
bandwidth, as shown in Fig. 1 (right).

In spite of superior noise performance, one major draw-
back of an MDLL is the reference spur that is generated
at the MDLL output due to the static phase offset (SPO)
between the REF and the OUT edge. Several efforts have
been made in the previous studies [5]-[8], [13] to cancel the
SPO. The circuit technique employed in [8] uses a sampling
phase detector (PD) along with different analog voltage offset
cancellation schemes, e.g., autozeroing, chopper stabilization,
and so on to minimize SPO, while [13] uses a self-correcting
CP. However, these sophisticated analog design techniques
are limited to analog PLLs only. The reference spur cancel-
lation technique proposed in [5] relies on correlated double
sampling, but it requires a high resolution and high linearity
gated ring oscillator-based TDC that increases the design
complexity and the power consumption. A sense amplifier
flip-flop-based 1-b TDC is used in [6] to minimize the
phase offset, but this is applicable to differential architectures
only. Reference [7] implements reference spur corrections
in a fractional-N MDLL by a coarse followed by two fine
digital-to-time converters (DTCs). Another limitation in all
previous implementations was that the SPO is measured
off-chip from the spur at the output frequency spectrum using
a dedicated high frequency measurement setup, such as high-
frequency probes or packages, off-chip drivers, connectors,
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Fig. 1.

Block diagram of MDLL circuit. VCO phases are periodically replaced by the clean reference clock phase. This prevents the VCO jitter from

accumulating over multiple reference cycles, suppressing VCO phase noise with frequencies beyond the PLL bandwidth.

and spectrum analyzer. Each of these components introduces
some inaccuracy in the measurement. Moreover, the measured
spur in frequency domain needs to be converted to the time
domain to estimate the SPO present in the circuit.

In this paper, we propose a fractional-N digital MDLL
with a reference spur cancellation loop that precisely aligns
the REF and the digitally controlled oscillator (DCO) edge
utilizing a DTC and a zero-offset aperture PD (APD) [12].
An in situ offset detection circuit is also employed to measure
the phase offset in time domain accurately without relying
on high-speed off-chip measurements. Furthermore, we have
derived a mathematical expression to calculate reference spur
generated at the output spectrum for a given SPO. Calculation
is performed for a wide variation of SPO. Fractional frequency
multiplication is achieved by periodic phase rotation of mul-
tiple DCO phases, which is similar to the injection locking
technique proposed in [9]. A subsampling PLL architecture,
which is first introduced in [14], directly samples the output
of the VCO without any frequency divider in the feedback
path. Thereby, it achieves a high PD gain that reduces the
in-band phase noise and power consumption. A digital version
of this is realized in [15]. The subsampling method is utilized
in this paper for a fractional-N MDLL implementation. The
rest of this paper is organized as follows. Section II describes
the reference spur issue in an MDLL along with the mathemat-
ical details for calculating reference spur generated from SPO.
The proposed reference spur cancellation technique and the in
situ offset detection circuit are explained in Sections III and IV,
respectively. Circuit implementation details of the MDLL are
described in Section V, followed by measurement results in
Section VI. Finally, Section VII concludes this paper.

II. REFERENCE SPUR ISSUE IN MDLL

While providing superior phase noise performance com-
pared with a traditional PLL, an MDLL suffers from the
reference spur issue due to the SPO between the injected
reference edge and the DCO edge. As explained in Fig. 2,
one of the contributors of this offset in bang—bang PD-based
digital MDLLs [6], is the setup time of the D flip-flop (DFF)
(AT) used for phase comparison. The delay of the frequency
divider (A T») in the feedback path increases this offset further.
As a result, a fixed offset (AT) is generated between the
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Fig. 2. PD inherent offset and feedback divider delay generate a static offset
between the DCO phase and the injected reference. This SPO creates reference
spurs at the output of the MDLL.

reference and the DCO edge under phase locked condition.
In MDLL operation, when reference is inserted into the ring
oscillator path, it modulates the DCO period to T + AT
instantaneously, creating a deterministic jitter of AT (T is the
output period when there is no SPO). This behavior repeats in
every reference cycle. This additional AT in one clock cycle is
compensated by the next N—1 cycles, assuming a frequency-
multiplication factor of N.

The expression of reference spur at the output spectrum gen-
erated due to AT offset is derived next. As discussed earlier
and also evident from Fig. 3, the AT offset makes the first
MDLL output period T + AT. The remaining N—1 periods in
every reference cycle are adjusted to 7, = T— (AT /(N — 1)),
to maintain the phase relationship between the reference and
the output. Since the pattern repeats in every reference period,
Tref, we need to consider each MDLL output pulse separately
within one reference cycle and convolve it with a train of
impulses of period T to represent the periodic nature of
MDLL output. To start with the first MDLL pulse (x1(¢)) that
stays at 1 for the duration 7/2 4+ AT, output after convolution
with the impulse train is

+
i) =x1(0) % D 3t — kTer). ()

k=—o
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Fig. 3. Calculation of the output reference spur for a given phase offset between the VCO and the injected reference. Fourier transform of each output pulse

in a given reference period can be utilized to calculate the spur accurately.

Fourier transformation of y{(#) to convert the signal into
frequency domain gives

27Z'k

Yi(w) =

Z d(e

— 2nk
=|— Z 0 (CU _r ) 2)
JoTret Tret

k=—

ref

X1(w) is a sync-function having nulls at the multiples of
1/(T/2 4+ AT) and it is sampled at an interval of 1/Tif, as
represented in Fig. 3. Similarly, the convolution of the second
pulse (x2(¢)) of width 7,/2 with the same impulse train but
time-shifted by 7 + AT results
27rk)
Tret
3)

1= () cssrian $X

The Fourier transformation of x;(¢) that has nulls at the
multiples of 2/7, and a T 4+ AT time shift in impulse train
introduces an additional phase factor of e=/*T+A") in the
expression of Y7(w). Using the same procedure, the impulse
train for the third sample will be time shifted by 7, + 7 + AT
and so on. Since all the remaining N — 1 pulses after the
first pulse in every reference cycle has the same pulsewidth

e —joT,/2

JTref

of T,/2, their Fourier function will be the same as obtained
in (3), except the phase factor. Therefore, the Fourier function
of the mth pulse where m = 2,3,... N can be expressed as

l—e—JeTe/2 _
Yi(w) = ( ;wT - )e—lw[(m—z)Te+(T+AT)]
Te!
2rk
x Z ( ) @
ref

The complete expression for the MDLL output can be
calculated by adding the Fourier expression of all the pulses
in one reference cycle and this is as follows:

N
Y(@) =Y (@) + D Yn(). (5)
m=2
Using (2) and (4), we get

{l_e_jw(%-i-AT) 4 (1 _ e—jw%)

Y(w) =

JoTret

N
% Z ejw[(m2)Te+(T+AT)]:|

m=2

2rk
( ) (6)
ref

3

k=—ox
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Fig. 4.
ranging from 1 to 300 ps and the impact of frequency multiplication factor
of (11) and [13].

Y(w) =

[1 — e_jw(%+AT) + (1 — e‘jw%)

)

(N

jCUTref
| —e—JoN=DT.

xo—JO(T+AT) ‘
1—e—Jjole

)

Since Tt = NT, (7) can be simplified to

+o

X Z 0
k=—

2wk
T;

ref

L 2nk Te
l—e N T

wk (1, AT ik Te
V) = o | 1= ) o (15 F)
j2mk
L 2zk(N=1) T,
i 2mk AT — J
Xe*JT(lJrT)l e N T:|. ®

From the above-mentioned equation, the fundamental fre-
quency component (four = N/Trr) of the output can be
obtained by calculating the magnitude of Y (k) for k = N. The
ratio of the frequency component at two sidebands, i.e., for
k = N £ 1 to the fundamental component gives the reference

(a) Output reference spur calculated for a 100-ps phase offset in a 1-

GHz MDLL output with N = 10. (b) Reference spur plot for a time offset
on calculated spur level which is not captured in the approximate formula

spur at the MDLL output and it is expressed as

Y (k = N£1)|

spuryprr (fout £ fref) = 201og ( Y (k = N)|

). )

Under the assumption of AT <« T in (8), the expression
for the fundamental and the sidebands magnitude can be
approximated as

1 1 AT
[Y(k=N)|~— and |Y (k= Nx£l)|~ ———. (10)
T r T
This simplifies the expression for reference spur to
AT
spuryprL (fout = fref) & 20log { —— ). (11

The above-mentioned equation matches the expression derived
in [13]. However, the assumption is valid only when the SPO is
relatively small compared with the MDLL output time period,
which may not always be the case. Furthermore, the spur
is also a function of N, since it decides how frequently the
MDLL output can fluctuate due to SPO. So a smaller N values
should have more spurs. This property is also not captured
in (11). An example is shown in Fig. 4(a) for an MDLL
output frequency of 1 GHz, N = 10 and AT 100 ps.
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Calculated reference spur using (8) at four—fref and fout + fref
is —19.8 and —18 dB, respectively. The difference in the spur
levels in two side bands is due to the contribution of the higher
order harmonics (i.e., at 2 fout, 3 four, and so on) present in the
output square wave. In this case, the 9th and 11th harmonic
of the reference spur generated from the second harmonic of
the output (2fou) overlaps with the two sidebands of the
fundamental causing the mismatch in the spur levels. The
analysis in [13] assumes the output to be a sinusoidal signal,
neglecting the impact of higher order harmonics. Reference
spur calculated using (11) is —20 dB. Fig. 4(b) shows the
calculated reference spur when AT is varied from 1 to 300 ps
and the spur for different values of N for AT = 10 ps. As
expected, the approximation is valid only when AT is very
small with respect to 7 and N is sufficiently high.

III. REFERENCE SPUR CANCELLATION USING
ZERO-OFFSET APD

The main source of SPO, as already explained, is due to
the delay mismatch between the phase detection path and the
reference injection path. Therefore, additional delay in one of
the paths can mitigate this mismatch. In this paper, a DTC
is utilized for this purpose, as shown in Fig. 5. Referring to
Fig. 2, a AT offset is created between the edges of REF and
OUT signals, which causes the reference spur. Now in the
timing diagram of Fig. 5, the REF is delayed by the DTC to
generate REF’ and it is then compared with DIV by the PD. So
the AT offset will now be present between the edges of REF’
and OUT. If the DTC delay is precisely set to AT, REF can
be perfectly aligned with OUT, canceling the spur. However,
complete cancellation of spur is practically impossible not
only due to the limited DTC resolution and other parasitic
mismatches present in the circuit, but also coupling through
the parasitic capacitances and the power supply induced noise
during MUX switching will appear as reference spur at the
MDLL output.

803

Since the DTC resolution and the phase detection path delay
(AT) vary with PVT conditions, a spur cancellation loop is
proposed that adjusts the DTC delay each time before the main
MDLL operation. The loop consists of a PD, a digital accu-
mulator and a DTC. The PD compares the phase difference
between the REF and the OUT edge and controls the DTC
code to match the DTC delay with AT. Once the DTC codes
settle, the loop is disabled and the REF is injected into the
DCO to start the MDLL operation. If there is a significant
delay mismatch due to voltage or temperature variation when
the MDLL is operating, we need to restart the process again
so that the loop can readjust the DTC codes with the new
voltage and temperature condition.

However, any inherent offset present in the PD will directly
appear at the output as SPO. Therefore, Fig. 6(a) shows the
implementation of a zero-offset APD to address the issue
explained earlier. A NAND-gate SR-latch is utilized to com-
pare the phases of two input clocks without introducing any
offset. Since a latch is sensitive to both the rising and the
falling edges of the input signals, an aperture selection block
is placed before the latch to capture only the rising edges
for phase detection. One out of five DCO phases (®0-D4)
is selected at a time by the enable signals S0-S4. The
SR-latch is followed by a DFF that stores the detected value
for the reference period. Depending on the latch output state,
the DFF either samples 1 or resets to 0. Fig. 6(b) shows the
states of internal nodes of the APD when the DCO phase
leads the reference. Although APD has no offset under nom-
inal condition, process mismatch can introduce some phase
offset in the latch. Therefore, we performed 1000 run Monte
Carlo mismatch simulations by sweeping the time difference
between two input clock edges and counting the number of
occurrences of 1 at the APD output. An rms phase offset of
4.5 ps is obtained after the Gaussian curve fitting on simulated
result, as shown in Fig. 6(c). The layout of the APD is made
symmetric to minimize any additional systematic offset due
to parasitic mismatches. Interestingly, using the APD in the
main phase locking path is unable to cancel the spur, as the
delay in the feedback path will still be present, generating
significant SPO. Furthermore the APD only works when two
input clock phases are within the aperture window, which is
not guaranteed if used in the main path.

The DTC is implemented by tuning a switch capacitor array
connected as load of an inverter-based delay chain and the
resolution of 1.5 ps/LSB is sufficient considering that the
spur cancellation loop resolution is primarily dominated by
the offset of the APD.

IV. IN Situ OFFSET DETECTION CIRCUIT

Phase offset in an MDLL is conventionally measured from
the reference spur in the output frequency spectrum. Equa-
tion (8) in Section II can be used to estimate AT from the
measured spur. However, a high frequency off-chip test setup
may introduce measurement error. For example, a 1-dB error
in spur measurement translates into 11% error in the offset.
Therefore, we propose an in situ scheme to measure SPO
accurately in time domain. Fig. 7 shows the schematic of
the proposed offset detection circuit. The programmable delay
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reference cycle.

block generates a variable delay (7p), close to the time period
of the input clock (Tckmprr). The DFF that acts as a PD,
compares Tckmprr With Tp, and generates an error pulse
at the output when Tp is larger than Tckmprr. Error rate is
calculated by measuring TckmprL and the average time period
of the error output, i.e., avg(Tggr) [16]. A 10-b counter is
used to divide the output frequency when the error rate is
high. An error rate plot can be obtained by sweeping Tp. The
transition from low error rate to high error rate happens when
Tp is near TckmpLL, capturing the time period of the input
clock. This property is utilized to measure SPO. Using this
circuit, the period of every Nth clock cycle of the MDLL
can be measured separately. Counter selection block selects a
particular MDLL period in every reference cycle. In Fig. 8(a),
for N = 4, SO selects the first clock period to measure the
error rate of the previous cycle and thereby, low to high
error rate transition happens near T — AT/3. Similarly, for
S1 selection, transition happens near T + AT. Since only the
first clock period is different from the remaining periods in
a reference cycle, the plot for S1 selection will be skewed
relative to the others (i.e., SO, S2, and S3). The amount of
skew which is equal to the time period difference between

Proposed in situ SPO measurement circuit based on error rate calculation. Counter selection block selects a given output period at a time in every

the first period and the remaining periods, is N/(N—1)xAT
[shown in Fig. 8(b)]. Upon AT cancellation, S1 aligns with
others, eliminating any skew. Avg(7Tggr) is calculated off-chip
using an oscilloscope. As the error output frequency is very
low after the 10-b counter, the measurement setup does not
involve any high frequency signals.

Fig. 9(a) explains the implementation of the programmable
delay generation circuit. Delay stages are made differential
to minimize supply noise sensitivity. 8-b switched-capacitors
perform coarse delay tuning to cover wide input clock
frequency range while the supply of the delay line (Vdd_d) is
varied for fine delay tuning. To measure the absolute delay, the
delay stages are connected in a ring oscillator configuration
by setting EN_RO = 1 and the oscillation time period is
calculated. Measured delays from the implemented test chip
for different Vdd_d values are shown in Fig. 9(b) achieving a
resolution of 3.5 ps/mv.

V. MDLL IMPLEMENTATION DETAILS

Fig. 10 shows the complete block diagram of the proposed
MDLL. Due to subsampling operation, a separate frequency-
locking path comprised of a fractional FD and a digital
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integrator is employed to set the operating frequency of the
MDLL. The integer and fractional portion of the frequency
multiplication factor is set by INT (7:0) and FRAC (1:0)
control signals, respectively. A 5:1 multiplexer (MUX) and
selection logic block in the fractional FD selects one out
of five phases of the DCO periodically without creating a
glitch during phase transition to achieve the desired fractional
frequency ratio at the multiple of 1/5. After frequency lock-
ing, the integrator output is stored and the feedback path is
disabled, turning on the phase locking path. A DFF in the
phase locking path acts as a digital 1-b subsampler. It directly
subsamples the high frequency DCO output with the input
reference clock and adjusts the DCO frequency by increasing
or decreasing the DLF codes. Upon phase lock, the reference
and the DCO rising edges appears within the time window of
the APD (i.e., when any one of S0-S4 is 1) and the reference
spur cancellation circuit cancels any SPO present between the

vdd_d (V)

(b)

(a) Programmable delay circuit implementation. (b) Measured delay versus Vdd_d plot.

reference and the DCO phase by tuning the 6-b DTC delay.
Once the DTC codes settle and the SPO is canceled, this loop
is disabled storing the DTC codes. The reference injection path
is then turned on for the MDLL operation. Here, one thing to
note that the phase-locking path is still active to track any
phase drift of the DCO due to PVT variations.

The implementation of the multiplexed ring-DCO that
realigns the DCO phase with the reference and the frac-
tional FD in the frequency-locking path are discussed in the
following.

A. Reference Realigned DCO

Fig. 11(a) shows the schematic of the reference realigned
DCO. Each stage of the five-stage ring oscillator consists of an
inverter and an MUX. When the MUX selection goes to 1, the
clean edge of the reference is inserted into the ring oscillator
path. Since the fractional N is generated by the periodic



806

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 52, NO. 3, MARCH 2017

Frequency
locking path

5
4
N O 4--.......Fractional FD
' . ogic <7:0>
E 5@— /Og\l ‘ :
: :
; '\ »  Edge | | 1,,0
' » counter |
: :

g

LDO

]

R ~o ouT
REF 4 '
: : 'y
: i sspp DLF Ref. injection path __*"
— ’ Y I
! R * -------- . )4
: ] REF Sel.
Spur . : ZerO- ' ) ¢ > |ogic
cancellation; 6, [ | offset :
circuit ! “ 0
. APD ] —
1 ) In-situ time
D ettt : domain
MDLL operation sequence _ | mismatch —Dour
0Tt detection
MDLL

—( FLL X PLL X Spur X
cancellation

|« One time operation—]|

Fig. 10. Block diagram of the subsampling fractional-N digital MDLL with the proposed zero-offset aperture PD-based spur cancellation loop and in situ

SPO measurement circuit.

Fine<9:0>

'
: ~ Enable MDLL!

(a)

Fig. 11.
verifying linear tuning characteristics.

rotation of the DCO phases for phase detection, the appropriate
DCO phase needs to be replaced by the reference. For exam-
ple, when @0 phase is selected by the 5:1 MUX that goes to
the 1-bit SSPD, SO becomes 1 for a small duration, replacing
@0 with the reference in the DCO loop. The same signals
(S0-S4) that enable the APD, are also used here for MUX
selection. Each inversion stage of the ring oscillator consists of
16 parallel tristate inverters enabled by the coarse tuning codes
(Coarse (3:0>) to achieve a wide tuning range. 10-b binary
switched capacitor branches are used for fine frequency tuning.

Measured DCO frequency
showing linear tuning

Coarse<3:0>=1111

M
=
B
N
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1400

Frequency (

0 256
Fine<9:0> (decimal)

512 768 1024

(b)

(a) Reference realigned DCO schematic with distributed switched-capacitor branches for linear frequency tuning. (b) Measured DCO frequency

The frequency resolution is improved by utilizing the drain
junction of a minimum sized pMOS transistor as a unit
switched-capacitor element [2]. All 1024 such elements are
uniformly distributed across the five-inverter stages to achieve
good frequency linearity. A completely symmetric layout
strategy is also incorporated to minimize device-to-device mis-
match. Measured frequency tuning characteristic in Fig. 11(b)
verifies the high linearity of the DCO while achieving
65-kHz/LSB resolution. The APD compares the phase of the
reference at the point of injection into the DCO loop (REF;)
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Fig. 13. Measured error rate from the in situ offset detection circuit in MDLL mode (before and after spur cancellation), and in PLL mode. Reference spur

for an 800-MHz clock using a 100-MHz reference is also shown.

with the DCO internal phases (®#0—®4) and thereby any delay
in the reference injection path is taken into consideration by
the DTC code during reference spur cancellation. The replica
path for the reference matches the rise time of REF; with
®0-d4, so that the APD can precisely detect the offset without
any dependence on its threshold crossing.

The power supply noise sensitivity is minimized with an
on-chip low dropout regulator (LDO) for the DCO supply.
Although the supply noise within the PLL bandwidth can
be automatically tracked by the loop itself, high frequency
noise beyond the PLL bandwidth is suppressed by the LDO.
Therefore, a higher LDO bandwidth (about ten times of the
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in integer and fractional mode, respectively.

PLL bandwidth) is essential for better power supply noise
suppression.

B. Fractional Frequency Detector

The fractional FD for a divider-less PLL is implemented
in [17] using a high-resolution TDC and a counter to detect
the fractional and integer portions, respectively. TDC improves
the frequency resolution but increases the design complex-
ity and power consumption. Fractional frequency detection
in [4] and [9] is performed using a walking-one phase selector
and a fractional sampler, respectively. In this paper, shown in
Fig. 12, a wide detection range edge counter [18] counts the

number of DCO rising edges (DCO_OUT) within a reference
period and a 5:1 MUX selects DCO phases periodically for
different fraction generations. The edge counter comprises an
8-b full adder-based high-speed synchronous counter, triggered
by the DCO rising edges. The counter outputs (A7-AQ) are
sampled and stored in every reference cycle. In order to avoid
metastability, the reference clock (REF) is resynchronized to
the falling edge of the DCO before sampling. Register 1 stores
the recent value of the counter, while register 2 stores the value
of the previous cycle. The number of DCO edges in any given
reference cycle is obtained by subtracting the values stored in
two registers and it is compared with INT (7:0) so that under
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Technology CMOS 65nm, 1.2V
Integer: 1.4GHz
Output frequency | g5 ction: 1.4175GHz
Frequency range 0.2-1.45 GHz
Test+BER DCO type 5-stage ring oscillator
Meas.
cas . In-band PN | Integer 92 108
dBc/Hz -
DCO @( 100kHz) Fraction -87 -96
’ o) g Integ. RMS | Integer 8.1ps 2ps
| g_ a 2 jitter "
1S |- ZA S (10kHz-10MHz)| Fraction|  11.7ps 2.8ps
< a Power DCO 4.5
DLF [~={Z (mW) Total 8.0
(&)
N FOM Integer -212.8 -225
SSPD = (dB) Fraction -209 -222
180um | A Core 180pum x 300um
rea
% sl > Total 300pm x 400um
Fig. 17. Test chip micrograph and performance summary.
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Architecture MD_LI._ FF-.P.LL Soft I-LtPLL** M.DI._L PLL P.LI.. IL- I_’L.L**
w/o divider | w/ divider | w/ divider w/ divider w/ divider w/ divider | w/o divider
Process 65nm 14nm 65nm 65nm 20nm 28nm 65nm
Output frequency 1.4175 1 1.5222 1.651 1.2487 0.962 0.581
/Range (GHz) | /(0.2-1.45) |/(0.032-2) | /(0.8-1.7) /(1.6-1.9) | /(0.025-1.6)| /(0.032 —2) |/(0.58—0.611)
Ref. frequency
(MHz) 87.5 32 380 50 25 30 32
Power (mW) 8 21 3 3 25 5.3 10.5
Spur (dBc) -45 N/A -63 47 N/A N/A N/A
Freq. resolution 17.5MHz 2MHz N/A 0.19kHz 0.78MHz 0.94MHz 1MHz
intg. RMS jitter | 2.8 (0.39%) |18.8 (1.88%)| 3.6 (0.55%) | 1.4 (0.23%) | 28 (3.5%) | 19.3 (1.85%)| 8 (0.46%)
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Intg_ range 10MHz) 100MHz) 100MHz) 30MHz) 40MHz) 40MHz) 40MHz)
FoM*** (dB) 222 211 -224 -232 -207 -207 21
Area (mm?) 0.054 0.009 0.048 0.4 0.012 0.026 0.083
*FF= Feed-forward **IL=Injection-locked ***FoM=20log(o/1s)+10log(P/1mW)
Fig. 18. Performance comparison with other state-of-the-art fractional-N ring oscillator-based frequency synthesizers.

frequency locked condition, the 8-b output (Dour) settles to 0.
FRAC (1:0) controls the fractional part by changing the order
of the DCO phase selection. As an example, for generating
a fraction 1/5, ®0 is selected in the first reference cycle,
@1 second, @2 third, and so on. However, during DCO phase
transition, unwanted glitches can appear, as evident from the
timing diagram in Fig. 12. These glitches alter the counter
output, locking the loop to an undesired frequency. To avoid
this, the phase transition must happen when both phases are
either O or 1. For example, during transition from ®0 to @1,
MUX selection (SEL) should change between the rising edge
of @1 and the falling edge of ®0. A “MUX Selection Logic”
resynchronizes the REF with the appropriate DCO phase and
generates SEL using a 5-b ring counter.

VI. MEASUREMENT RESULTS

The proposed MDLL is realized in a 1.2 V, 65-nm
LP CMOS process. Fig. 13 shows the measured error rate
plot obtained from the in situ detection block by varying
the programmable delay, 7),, for an output frequency of
800 MHz while using a 100-MHz input reference. When the
spur cancellation loop is inactive, the error plot for S1 selection
is skewed by 131 ps than others. This corresponds to an SPO of
115 ps. Upon activation of the spur cancellation loop; the skew
is reduced to only 6 ps, which is contributed by the small offset
present in the APD due to process mismatch. As expected, the
error rate plot for PLL does not show any noticeable skew.
These time-domain measurement results are compared with
the frequency domain reference spur measured at 900 MHz
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in the output spectrum, which shows —23 and —47 dBc of
reference spur before and after cancellation, respectively, while
it is —48 dB in PLL mode. Theoretically calculated spur using
the measured SPO from the in situ detection circuit and (11)
results —20.7 and —47.5 dBc, respectively, before and after
cancellation, which are close to the measured spur. To verify
the effectiveness of the spur cancellation circuit, output spur
is measured by varying the MDLL supply and the results are
shown in Fig. 14. Output frequency spectrums are shown in
Fig. 15 (left) comparing the performance between the PLL
and the MDLL operation mode at 1.4175 GHz for an input
reference of 87.5 MHz. Output reference spur at the multiples
of frRep/5 = 17.5 MHz is plotted in Fig. 15 (right) before
and after reference spur cancellation. Reference spur before
cancellation was —35 dB while it reduces to —45 dB after
cancellation. Fig. 16 shows the measured phase-noise plot
for both integer and fractional mode at output frequency of
1.4 and 1.4175 GHz, respectively. The MDLL shows about
16 and 9 dB lower phase-noise compared with a PLL having
identical operating conditions at 100 kHz offset in integer
and fractional modes, respectively. Increase in phase noise in
fractional-N mode is due to the imbalance among multiple
DCO phases. Also the presence of SPO in MDLL changes
the DCO operating frequency, which translates into phase
errors during periodic phase rotation. Fig. 17 shows the chip
micrograph with a performance summary table. The overall
chip area is 0.12 mm2, of which the MDLL/PLL core is only
0.054 mm?. Output frequency range is 0.2—1.45 GHz with a
resolution of 17.5 MHz when an 87.5 MHz reference is used.
Total core power consumption is 8 mW at 1.4 GHz. Fig. 18
compares the performance of this paper with other state-of-
the-art inductor-less fractional-N frequency synthesizers.

VII. CONCLUSION

A fractional-N subsampling digital MDLL is presented that
eliminates the reference spur utilizing a DTC and a zero-
offset APD. An in situ detection circuit measures the SPO
of MDLL very precisely in time domain without requiring
any high-speed off-chip measurement setup. This paper also
addresses the reference spur issue in an MDLL-based clock
generation circuit, deriving a mathematical model to estimate
the reference spur due to SPO. A wide frequency range
ring DCO achieves good linearity by utilizing a uniformly
distributed switched-capacitor elements for frequency tuning
and a completely symmetric layout design approach. Finally,
the proposed concepts are verified with the measurement
results obtained from a prototype chip implemented in a 65-nm
LP CMOS technology. Phase noise measurement result shows
about 9-dB additional noise suppression in MDLL compared
with a PLL at 1.4175 GHz.
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