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In a fractional-N PLL, it is beneficial to minimize the input range of its phase detector
(PD) as it promotes better linearity and higher PD gain for suppressing noise
contributions of the following loop components. This can be done by canceling the
predicted instantaneous time offset between the frequency reference (FREF) and the
variable oscillator-clock (CKV) edges prior to the PD. There are currently two main
cancellation strategies. The first is to align FREF and CKV by inserting a digital-to-time
converter (DTC) on either path. However, due to the DTC nonlinearity and its
o susceptibility to PVT variations, the PLL can suffer from large fractional spurs. Although
& system-level techniques, e.g., background calibration [1], supply ripple reduction [2],
Eand DTC code randomization [3], can partially alleviate these DTC issues, the overall
N system complexity worsens. The second method is to convert and cancel the predicted
Q time offset in the voltage domain [4]. This arrangement is less sensitive to PVT variations.
< However, the accuracy of the time-to-voltage conversion relies on the strict trade-offs
S between the power consumption, noise, and linearity of a current source. In this work,
S we introduce a third solution based on a time-mode arithmetic unit (TAU), which outputs
2 a weighted sum of time delays between the (falling) edges of FREF and CKV, as well as
<between two consecutive CKV edges. Compared with DTC-based solutions, it is less
\—| sensitive to PVT variations, as its output merely varies by the ratio of RC time constants,
othus ensuring low fractional spurs with no extra system complexity. Compared to the
voltage domain solutions, the absence of a current source is beneficial for phase-noise
8 optimization and migration to more advanced technology nodes. Moreover, TAU can
o implicitly provide a time-amplification (TA) gain, thus further suppressing the noise of
o subsequent blocks.

gFigure 23.3.1 shows the proposed digital PLL based on TAU, which performs three
© fundamental tasks: instantaneous time-offset prediction, time-offset cancellation, and
g residue-time-error amplification. First, TAU extracts the DCO period (Tcyy), scales it by
3 1-Dp gy, Where Pg . i the fractional part of the accumulated frequency-control word
(FCW) then time-registers the properly scaled prediction. Second, TAU samples the
] delay (At;) between the falling edges of FREF and subsequent CKV, and then subtracts
|t from the stored prediction. Third, TAU amplifies the residue time error by a factor of
8 Gra and launches CMP, and CMP, edges separated by the time-domain output (At,,).
3 The basis of realizing such a system lies in the TAU processor, whose output is Aty =
e Z. \ W; - Ati, where At; and w; are, respectively, the i input time difference and its allocated
! we|ght In the |mplemented PLL, n=4, so the three tasks for the TAU can be achieved by
0 o adjusting the 4 weights in this function.
Ch

EFigure 23.3.2 depicts the evolution of the proposed TAU. We start from the simplified
Q RC model of a time register (TR) [5], which sums and holds the input pulse widths. First,
£ a capacitor C is charged to an initial voltage V;,; above the threshold voltage, V,, of the
8 crossing comparator. When the active-low input pulses (SWD) are asserted, the
@corresponding switch is turned ON to discharge the capacitor C through a resistor R.
»2 Each pulse width is accumulated as a voltage drop on C. After all input pulses have been
8 processed, SWD is pulled down to completely discharge the capacitor. The crossing
2 comparator output (CMP) is triggered when V falls below Vy,. The TR output is the delay
3 between the last falling edge of SWD and the asserted CMP, which equals to an offset
G minus all input pulse widths. Nevertheless, this TR does not fulfill the TAU tasks as all
2 w;s are 1, owing to the fixed RC time constant (t=t,) for all input pulses. This is solved
51 by the weighted time register (WTR), as the variable resistor and capacitor are used to
2 change across the input pulses. The proposed WTR still has two issues. First, its output
§ has a voltage-dependent offset, causing PVT susceptibility. Second, the intended TAU
g 2 inputs are time differences, whereas WTR processes only pulse widths. To resolve those,
= Swe use two differential WTRs operating in parallel and employ a conventional
g phase/frequency detector (PFD) prior to the WTRs to perform a “time-difference to pulse-
= 2 width-difference” (T—PW) conversion, as shown in Fig. 23.3.2 (right). However, during
Ethe final discharge, this conversion is unwanted as it prevents the complete discharge
w of WTRs, so a second mode is added to the PFD to disable it (via READ ).

o~

§As revealed in Fig. 23.3.3, a few auxiliary blocks, such as snapshot and predischarge
finite-state machines (FSMs), are added to generate TAU time-domain inputs and its
weighting factors, thereby facilitating its incorporation into the proposed PLL. The three
aforementioned tasks of the TAU (i.e., time-offset prediction, time-offset cancellation

and residue-time-error amplifications) are mapped into 3 consecutive states:
predischarge, snapshot, and TA. Accordingly, the dual-mode PFD is extended to a tri-
mode version to support these states. Moreover, the variable components in the WTRs
are realized with the switched-resistor bank (R-bank) and switched-capacitor bank (C-
bank) consisting of 223-unit capacitors, Cy, along with a fixed C,. To avoid any inaccuracy
caused by charge sharing with subsequently connected units, the C-bank can only
disengage its unit cells in one complete TAU conversion cycle. The cross comparator is
gated, awaiting the TA state to reduce the crowbar current.

Figure 23.3.3 also includes the timing diagram of one TAU conversion cycle. It starts
with the FREF rising edge, which disconnects the WTRs capacitors from V. This triggers
the predischarge state in which Tgy is scaled by the ratio of 1-®g . and then time-
registered. To achieve this, the predischarge FSM, resembling asynchronous SAR-ADC
logic, interacts with the tri-mode PFD to sample CKV for generating 3 discharging pulse
pairs with a width difference of Ty, (see SWD5 y withinthe blue dashed rectangle). For
each pulse pair, the FSM also adjusts R&C tuning codes (CT and RT) to achieve the
desired scaling ratio with a 10b accuracy, i.e., 7b fine tuning in the 1 pulse pair by CT
(with corresponding value N¢), and 3b coarse tuning in the 3" pulse pair by RT (with
corresponding value Ng). Such a tuning strategy reduces the required range of the
nonlinear capacitive tuning to improve the overall linearity of the TAU. The 2™ pulse pair
is used to add an extra offset, which collaborates with the delay selection logic (red block
in Fig. 23.3.1) to address the metastability issue in the snapshot circuit. Next, the TAU
enters the snapshot state, in which At is sampled and subtracted from the registered
time. At the FREF falling edge, a differential snapshot circuit captures At and outputs it
as a delay between the rising edges of CKRG, and CKRGy. By utilizing CKRGp instead
of CKV, the tri-mode PFD generates the pulse pair to discharge WTRs capacitors
accordingly. After the At subtraction, the WTRs contain only a tiny residue due to the
DCO phase noise, which is amplified and output in the next state (TA state). This state
corresponds to the final discharge of the conceptual TAU in Fig. 23.3.2. Here, the TA
FSM, clocked by CKV, disables the T—=PW conversion of the PFD and adjusts the RT to
set the TA gain through the ratio between the time constants of the TA and snapshot
states. The FSM also triggers the simultaneous falling of SWD, and SWD, in the tri-
mode PFD to discharge the WTRs remaining capacitors and output the amplified residue
(At,). Once the TDC quantizes At,,; (indicating by TDCqq,), the TAU resets itself and
charges the WTRs internal capacitors to prepare for the next FREF cycle.

The proposed PLL was fabricated in 40nm CMOS (Fig. 23.3.7) with an active area of
0.31mm2 The PLL operates from 2.56 to 4.1GHz (46% tuning range) with a 40MHz
FREF. According to Fig. 23.3.4, at the fractional channel of 2668.2MHz, the measured
rms jitter (integrated from 10kHz to 40MHz and including all spurs) is 182fs. With the
power consumption of 3.48mW, it corresponds to an FoM of -249.4dB. Figure 23.3.5
reveals the spurs in a near-integer channel of 2680.04MHz. The reference spur is
-73.5dBc. Without applying any calibration, the worst fractional spur is -44.5dBc at a
10kHz offset. Considering the fractional spurs are dominated by the TAU nonlinearity,
mainly attributed to the mismatch of the R-bank and the C-tuning gain error, a piecewise
LMS calibration similar to [6] is performed for spur compensation. As a result, the worst
fractional spur reduces to -59.3dBc (at a 50kHz offset). While sweeping the PLL fractional
frequency near 2680MHz, the worst-case fractional spur remains <-59dBc. Moreover,
while keeping all PLL settings (including the calibration codes) the same, the worst-case
fractional spur only increases to -54dBc when the TAU supply voltage is raised by 10%.
This is a remarkable improvement compared with the DTC-based counterparts, as they
would generate substantial spurs if their transfer-function drift could not be
compensated. The PLL performance is summarized in Fig. 23.3.6 and compared with
prior-art PLLs. Considering the stricter trade-offs between power and performance in
low-power wideband designs, the spur and FoMs of this work are very competitive.
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Figure 23.3.1: System overview of the proposed time-mode arithmetic-unit (TAU)- Figure 23.3.2: Conceptual implementation of the proposed TAU: evolution from the

based PLL.
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Figure 23.3.3: Block diagram of the proposed TAU with auxiliary circuits (left), the Figure 23.3.4: Measured phase noise and jitter (with spurs) in the fractional-N mode.
timing diagram of the TAU in a locked state (upper-right), and the TAU output The jitter degradation at higher frequencies is due to worse DCO phase noise caused

expression (lower-right).
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Figure 23.3.5: Measured reference and fractional spurs at a near-integer fractional-
N channel (2680.04MHz), and the worst fractional spur versus the fractional part of
the frequency-control word (FCW;) near 2680MHz.

1. Sampling Phase Detector
3. Supplied by 1.0V exceptfor DCO, which is supplied by 1.1V
4.FoM=101og((Jiter/1s)’Power/t mW)

6. Calculated with the PLL inputreference frequency (after doubler)

for the inductor Q

2.Normalized to DCONCO frequency

possibly due to metal fillng inside the coll.

5. FoMy=10-log o{(Jiter/1s)’-Power/ mWi(fsc fr)
7. Bxcluding outputdrivers and debugging SRAMs

Figure 23.3.6: Performance comparison with prior-art fractional-N PLLs.
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Figure 23.3.7: Die micrograph.
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