2592

IEICE TRANS. FUNDAMENTALS, VOL.E98-A, NO.12 DECEMBER 2015

| PAPER Special Section on VLSI Design and CAD Algorithms

A Fast Settling All Digital PLL Using Temperature Compensated
Oscillator Tuning Word Estimation Algorithm*

Keisuke OKUNO'?, Student Member, Shintaro IZUMI', Member, Kana MASAKI', Nonmember,
Hiroshi KAWAGUCHI', and Masahiko YOSHIMOTO', Members

SUMMARY  This report describes an all-digital phase-locked loop
(ADPLL) using a temperature compensated settling time reduction tech-
nique. The novelty of this work is autonomous oscillation control word
estimation without a look-up table or memory circuits. The proposed AD-
PLL employs a multi-phase digitally controlled oscillator (DCO). In the
proposed estimation method, the optimum oscillator tuning word (OTW)
is estimated from the DCO frequency characteristic in the setup phase of
ADPLL. The proposed ADPLL, which occupies 0.27 x 0.36 mm?, is fab-
ricated by a 65 nm CMOS process. The temperature compensation PLL
controller (TCPC) is implemented using an FPGA. Although the proposed
method has 20% area overhead, measurement results show that the 47%
settling time is reduced. The average settling time at 25°C is 3 us. The
average reduction energy is at least 42% from 0°C to 100°C.

key words: ADPLL, fast settling, digital calibration, timing error correc-
tion, temperature compensation

1. Introduction

An all-digital phase-locked loop (ADPLL) has attracted at-
tention in a lot of applications because of its low power con-
sumption and small circuit area [1]-[10]. In this report, we
specifically examine the settling time of the ADPLL.

In a modern wireless communication application such
as sensor networks, the periodical wake-up technique is used
to minimize the energy consumption [1], [2]. The aver-
age active ratio of wireless transceiver in the sensor node
is less than 0.1% in ultra-low energy application such as en-
vironmental monitoring. Then, the communication power
is mainly consumed by a carrier sense operation, although
only several bits of preamble data are received. In such a
case, the settling time of the ADPLL directly affects the sys-
tem level power consumption, because the settling time is
dominant in the active time. For example, when the data
rate is 1 Mbps, preamble receiving time is only several us.
This duration is almost same or smaller than the settling time
of the ADPLL. Unfortunately, the wireless transceiver has
larger power consumption compared with other components
of the sensor node.

Generally, a LC oscillator or a ring oscillator is em-
ployed in a digitally controlled oscillator (DCO) block of
the ADPLL. Compared with LC oscillators, the advantages
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of the ring oscillator based ADPLL are small footprint and
low power consumption at low frequency (less than 1 GHz).
Furthermore, in recent study [11], a few-GHz ring oscilla-
tor achieves almost same or better power consumption com-
pared with LC oscillator. Although it has larger jitter com-
pared with the LC oscillator, the ring oscillator contributes
to both the power reduction and the settling time reduction
[4]. Therefore, we focused on the ring oscillator based AD-
PLL in this work.

The settling time of ADPLL is affected by process,
voltage and temperature variations. Figure 1 shows the con-
ventional settling-time reduction method using an oscilla-
tor tuning word (OTW) estimation and a gain shift of a
digital loop filter. To estimate the optimum OTW at setup
phase, the conventional method utilizes a frequency charac-
teristic model of the DCO, which can be obtained by self-
calibration in the fabrication stage to eliminate the process
variation effect [6]. After the OTW estimation, the digital
loop filter dynamically switches its filter gain coefficients
according to the phase frequency detector output [2]. How-
ever, the DCO characteristic is also changed by the tem-
perature variation. The settling time lengthens because it
is difficult to reduce the effect of the temperature variation.
Although the effect of the voltage variation can be reduced
by a supply noise cancellation [7], [8], it is difficult to re-
move the temperature variation of ring oscillators. Thus, the
target of this work is the temperature compensated settling
time reduction.

In this paper, we propose a fast-settling ADPLL using
digital calibration to compensate both the temperature and

OTW Estimating and Presetting
[6]

Digital Loop Filter
Phase orw DCO
Frequency
Detector
FCW DCOour
Register
Frequency loop |  Counter DCOour[0]
FCour
Phase loop Time-to-Digital
PCour “7| Converter d< Frer

Fig.1  Block diagram of conventional fast-settling ADPLL.
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the process variation. The frequency characteristic model
of the DCO for OTW estimation is extended to address the
temperature variation. This paper is organized as follows:
Section 2 describes the proposed ADPLL architecture using
a digital error correction. The proposed temperature com-
pensation scheme and its implementation are described in
Sect. 3. Section 4 presents measurement results with a test
chip. Finally, conclusions are drawn in Sect. 5.

2. ADPLL Architecture Using Digital Timing Error
Correction

This section introduces the architecture of the fractional—
N ADPLL, which has the digital timing error correction
circuits and the OTW estimation block (see Fig.2). The
proposed ADPLL is based on a divider-less ADPLL archi-
tecture [9], [10]. The temperature compensation PLL con-
troller (TCPC) is the OTW estimation block using the pro-
posed algorithm. The detail of the TCPC and the digital loop
filter are described in Sect.3. The phase converter of the
ADPLL consists of a latch and a decoder, instead of a time-
to-digital converter (TDC). The phase converter can detect
the fine frequency using the oscillator phases. The time res-
olutions of the counter and phase converter are about 417 ps
and 35 ps, respectively.

A multi-phase output oscillator (MPOSC) is used to de-
tect oscillator phase with phase couplers, because the phase
couplers can improve the phase accuracy [11]. As presented
in Fig. 3, the DCO consists of the MPOSC and a 16-bit res-
olution current source circuit. The current source is con-
trolled with OTW and a bias voltage (VBIAS). The level
shifters (LSs) which consist of the differential buffers con-
tribute to improve the phase detection accuracy. The output
signals of DCO (DCOquyr) are connected to both the counter
and the phase converter. The phase frequency detector com-
pares a frequency control word (FCW) and the DCO fre-
quency, which is calculated by a sum of the integral 10-bit
counter output and the fractional 4-bit phase converter out-
put. The decoded phase and frequency error (PFDoyr) are
filtered by the digital loop filter.

The digital loop filter and the phase frequency detector
operate at the falling edge of the reference clock Frgr. In
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Fig.2  Block diagram of proposed ADPLL.
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this report, the frequency of Fgrgr is set to 15 MHz. Then,
the register in front of the DCO latches the OTW from the
digital loop filter output at the rising edge of Frgr. There-
fore the setup and hold errors in DFFs can be eliminated.
Although the minimum timing constraint between DFFs is
decreased to the half cycle of Frgr, the critical path in the
feedback loop is sufficiently smaller than the minimum tim-
ing constraint.

2.1 Frequency Counter and Edge Detector

The coarse DCO frequency is detected by the counter. The
counter has a strict timing constraint because the DCO out-
put is connected directly. To prevent the timing error, an
edge detector is implemented to generate a latch timing sig-
nal.

Figure 4 shows the block diagram and the timing di-
agram of the counter and the edge detector. The counter
output is synchronized by DCOqyr[0] which has high fre-
quency. Unfortunately, the DCOout[0] and Frgp are asyn-
chronous. If the rising edge of Frgp is directly used in the
counter, the timing error will be occurred when the rising
edge of DCOqyur|[0] is closed to the rising edge of Frgr (see
Fig. 4(a)). To eliminate the error, the edge detector outputs
the gated DCOqur[0] clock (ReFrgr), which is kept away
from the rising edge of Frgr as depicted in Fig. 4(b). There-
fore, ReFrgr can be used to latch the counter value without
metastability.

2.2 Phase Converter

The phase converter detects the fine frequency and the phase
error by decoding the DCOgyr to phase data. In other
words, the phase converter operates as the TDC. As por-
trayed in Figs.5 and 6, the phase converter output is used
for the fine frequency tuning and the phase locking. All 12-
phase DCO output signals are latched by DFFs at the ris-
ing edge of Frgp. Because the DCO outputs and Frgr are
asynchronous, the phase latch output PLoyt includes latch
errors. PLoyr is decoded to 4-bit signals (called Phase in
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Fig.3  Block diagram of level shifters and DCO with MPOSC.
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Fig.4  Architecture and timing diagram of (a) the counter and (b) the
counter with the edge detector.
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Table 1  Decoder code from PL to Phase.

PLI0] [ PL[1] | PL[2] | PL[3] | PL[4] | PL[5] | PL[6] | PL[7] | PL[8] | PL[9] |PL[10][PL[11][Phase
L H X X X X X X X X X X 0
X L H X X X X X X X X X 1
X X L H X X X X X X X X 2
X X X L H X X X X X X X 3

[(HIx I x [ x I x[x[x[x[x]x[x[t[n]

Figs.5 and 6). The range of Phase depends on the num-
ber of the DCO output phases, which is 12 phases in this
design. The decoder block can correct the latch timing er-
ror of converted data if the value of Phase is outside of the
phase range. To eliminate the latch timing error, Phase is
corrected using Tcyeck, Which is determined by sampling
DCOgyr|0] at the rising edge of Frgg. Tcueck indicates the
DCOqur|0] state at the rising edge of Frgr. When the phase
of DCOgpur|0] is from —180° to 0°, Tcygck is set to 0. On
the other hand, when the phase of DCOqyr[0] is from 0° to
180°, Tchueck is set to 1. The latch error can be determined
by comparing the Tcygck and Phase.

The decoder gain is 1/12 because the number of the
DCO phase is 12. Here the phase converter output denotes
the phase code (PCoyr). The difference between the PCoyr
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Fig.6  Timing diagram of the latch error canceller and decoder.

and the previous PCour is the fine frequency code (FDour).
In the same manner of the digital loop filter, the phase con-
verter output is latched at the falling edge of Frgg.

3. Temperature Compensated Oscillator Tuning Word
(OTW) Estimation

As described in Sect. 1, temperature variation affects the set-
tling time. Therefore, we propose the temperature compen-
sated OTW estimation technique.

3.1 Algorithm

Figure 7(a) shows the measured example of DCO temper-
ature characteristics. As shown in Fig. 7(a), the estimated
OTWrggr is fluctuated by the temperature. The period of os-
cillation in a ring oscillator can be defined by the NMOS
discharging current Iy and the PMOS charging current /p
[12]. The DCO output frequency with OTW and Fpco is
given as follow;

2 1 1 -l

F OTW, T) = +
beof )= 3¢V \e T Iorw.)

(D

Here, C is a load capacitance of the inverter. M is the num-
ber of oscillator stages. Vpp is a supply voltage. Then, Iy
and Ip are affected by the temperature. Ip is also affected by
OTW as shown in Fig. 3.

Next, the maximum frequency of the DCO with the
maximum OTW (OTW y14x) is normalized as follow;

_ Fpco(OTW,T)
Fpco(OTWyax, T)

1 1 ! 1 -
= + + .
(IN(T) L(OTW, T)) /(IN(T) Ip(OT Wrmax, T))
2
Here, the normalized frequency (NF) is expressed by Iy and

Ip. The drain-source current / can be simplified as follow
[13].

I(T) = IpF - (1 - AVGs) =Ipr - lcon(T).  (3)

a’VTT
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Here, Ipp is the temperature-independent part of the drain
current equation. AVgg is the deviation from Vgsp. The
temperature dependency of the drain-source current can be
negligible at Vgsp. Vpas can be expressed as Vgpus =
Vesr + AVgs. ayr is the temperature coefficient of the
threshold voltage. Icon(T) is the function of the tempera-
ture. From (3), Iy and Ip can be simplify as follow.

IN(T) = Ipr_n - Icon(T).

Io(T) = Ipg p(OTW) - Ieon(T). @)

The amount of Ipr_p is changed by OTW. According to (2),
(4) can be rewritten as follow;

_ {Ipr_n + Ipr_p(OTWiyax)} - Ipp_p(OTW)
Ipr_p(OTWyax) - Ipp_p(OTW) + Ipp_y - Ipp_p(OT Wyax)”
)

Finally, NF can eliminate the temperature effect by nor-
malizing the DCO frequency with OTWyax as shown in
Fig.7(b). To simplify the Eq. (5), the current source con-
sists of only pmos. If the current source is composed of
both pmos and nmos, the Eq. (5) becomes more complex.
In this design, OTWyax is set to 255. The DCO frequency
model formula can be defined by a rational approximation
using NF. The model formula is

a-OTW +b
c-OTW+d’

Here, a, b, ¢, and d are constant values. These values can be
calculated in the self-calibration process by a MCU using
least squares method, because they are only affected by the
process variation. Note that the constant values a, b, ¢, and
d are calculated only in the initial calibration state at first
time of use. The average miss match between NF and each

NF

NF = OTNF(OTW) = (6)
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Fig.8 TCPC algorithm to estimate an optimum OTW.

DCO frequency is denoted in Fig. 7(c). When OTW is larger
than 7, the mismatch becomes lower than +0.2%. In other
words, the frequency mismatch is about +5 MHz. Then, the
counter and the phase converter are used to scan the DCO
output frequency with each OTW. OTNF in (5) is the OTW-
to-normalized frequency function. By using this model for-
mula, the estimation accuracy is unaffected by temperature
fluctuation.

Next, we propose the optimum OTW estimation algo-
rithm according to the DCO model formula. We present
the algorithm in Fig.8. To estimate the optimum OTW
(OTWgsT), the estimation algorithm requires the previous
locked OTW (OTW_ock) and the previous frequency code
(FCoyr). From (6), the previous NF (NF_ock) is expressed
as

a-OTWiock + b

NF =
LocK c-OTWiock +d

(7)
NFock is directly proportionate to FCoyr because the
FCouyr expresses the DCO output frequency. The target nor-
malized frequency (NFgst) is also directly proportionate to
FCW. Therefore, the ratio of NFgck to NFgsr is given as
follow;

NFiock : NFgst = FCour : FCW. (8)

From (8), NFgst can be derived as follow;

FCW

NFgst = 7C
ouT

- NF1ock. (9)

The OTWgst can be calculated using the inverse function
of (7), OTNF~'. Therefore, the OTWgsr is represented as
follow;

_ d-NFgst—b
OTWgst = OTNF'(NF =—— (10
EST (NFEst) e NFmrta (10)
From (7), (9) and (10), the OTWggt can be given as
d-FCW-A-b-FC -B
OT West = o (1

—C'FCW'A+CI'FCOUT'B’

Here, A is a X OTWyock + b, and B is ¢ X OTWyock + d.
Finally, the TCPC can estimate the OTWgst using (10). The
settling time of the proposed ADPLL can be reduced using
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3.2 Implementation

This section describes the hardware implementation of the
settling-time reduction using the proposed algorithm. We
call the settling-time control block as the temperature com-
pensation PLL controller (TCPC). When the target of out-
put frequency is changed by FCW, the TCPC calculates the
OTWgst to minimize the settling time. The flowchart of
the TCPC is shown in Fig.9. As described in Sect. 3.1, the
TCPC uses the digital calibration algorithm based on the
frequency characteristic of DCO.

In the initialization state, the TCPC collects the fre-
quency characteristics of the DCO. Then, OTW is swept
from minimum OTW to maximum OTW. After that, the con-
stant values in (6) are calculated by the processor. Next,
the TCPC estimates OTWggt from (11). Whenever FCW is
changed, the TCPC calculate OTWggt again.

The block diagrams of the TCPC and the digital loop
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Fig.9  Flowchart of the temperature compensation PLL controller.
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filter are presented in Fig. 10. The gains of the digital loop
filter, K, and Ky, are changed according to the phase error
(PFDoyt). When PFDoyr is larger than 3, K, and K}, are
set to 27! and 273. When PFDgyr is smaller than 3, K, and
K are set to 273 and 27°. The inputs of TCPC are FCW,
FCouyr, and OTW. The TCPC outputs two control signals,
OTWiNit and INIT. OTWnt controls the DCO frequency
directly. INIT switches the ADPLL operation. An estima-
tion block in the TCPC calculates (11). A TCPC controller
in Fig. 10 is a sequencer, which controls the timing of out-
put signals and the estimation block using FLAGorw and
FLAGEgsr.

Figure 11 portrays a timing diagram of the TCPC op-
eration. When FCW is changed, INIT becomes high and
the output of the digital loop filter will be OTW} ock as pre-
sented Fig. 11(a). The TCPC detects FCout because the es-
timation method requires FCoyr. Next, the TCPC controller
set FLAGEgsr to trigger the calculation of OTWggt as shown
in Fig. 11(b). Then, the estimation block calculates OT Wgst
using (11). OTWggr calculation process requires two refer-
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Fig.10  Block diagram of a TCPC, a digital loop filter and a selector.
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ence clock cycles. After that, FLAGorw becomes high to
output OTWggt. The ADPLL receives OTWgst and the out-
put frequency is locked to the target frequency as shown in
Fig. 11(c). The total cycles of the TCPC are seven reference
clock cycles.

4. Performance Evaluation

A test chip is fabricated in a 65nm CMOS process. Fig-
ure 12 presents the microphotograph and the layout plot.
The ADPLL occupies 0.27 x 0.36 mm?. Table 1 presents
a performance of the ADPLL and the TCPC. The carrier
frequency is 2.4 GHz. The total power consumption is
8.85mW. Then, the DCO, counter, phase latch, and other
circuits respectively consume 2.48 mW, 3.01 mW, 2.53 mW,
and 0.83 mW. In this evaluation, the TCPC block is imple-
mented using an FPGA. The estimated area and power es-
timations of the TCPC are 0.20 x 0.10 mm? and 813 xW in
a 65-nm process. The power overhead and the area over-
head of the TCPC are 9% and 20%, respectively. Note
that the TCPC block is only activated in the setup phase
of the ADPLL. Therefore, the effect of its power overhead
is limited in the total power consumption of the ADPLL.
Figure 13 presents a measurement result of phase noise and
frequency transient with 15-MHz FREF. The phase noise is
—70dBc/Hz at IMHz.

Figure 14 shows the measurement result of settling
time of the ADPLL. Fggr is set to 15 MHz. In the test chip,

Fig.12  Chip micrograph and layout of the proposed 65 nm ADPLL.
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the calculated constraints a, b, ¢, and d in (6) are 1.11, 2.613,
1.0, and 31.27, respectively. The blue line represents the av-
erage of five samples. The FCW is changed from 2.4 GHz
to 2.415 GHz at 25°C. Here, the conventional method only
using the conventional gain shift which shown in Fig. 1. As
shown in Fig. 13, the phase locked time without TCPC is
7.33 us (110 cycles). Here, the locked time means the time
that PFDout converge to less than 0.1. On the other hand,
the phase locked time with the TCPC is improved to 3 us
(45 cycles). As presented in Fig. 15, even if the FCW is re-
peatedly changed with short duration, the TCPC can reduce
the settling time correctly. The grey area shows the stan-
dard deviation. In this case, the shirt duration is every 5 us.
Table 3 presents settling times and energies at several tem-
peratures. Then, at least 47% of the settling time is reduced.
Furthermore, at least 42% of the energy consumption in the
setup phase is reduced including the power overhead of the
TCPC.

Figure 16 shows the measurement result of the relation-
ship between the settling time and the estimation error. In
this measurement, the OTWggr is input from off-chip. From
Table 3 and Fig. 16, the accuracy of the OTW estimation is
smaller than 5 MHz.

Table 4 shows the performance comparison of fast set-
tling ADPLLs. To compare with other ADPLLs, we focus
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Table2  ADPLL performance summary.
This work
Process [nm] 65
Ref. Freq. [MHz] 15
Freq. range [GHz] 1.50-2.80
FCW [bit] 16.000
Carrier Freq. [GHz] 2.40
RMS Jitter [ps] 2.23
5. |ADPLL 0.097
el TR 0.020
DCO 2.48
Counter 3.01
Power [mW] ADPLL |Phase Latch 2.53
Other circuits 0.83
Total 8.85
TCPC 0.81
Table 3  Settling time and energy comparison.
Settling time [us] Enegy [nJ] | Reduction[%]
[Temp.[°C] w/ TCPC |w/o TCPC| w/ TCPC |w/o TCPC|Settling time| Enegy
10 3.13 5.86 30.2 51.9 47 42
20 3.33 6.60 32.2 58.4 50 45
25 3.00 7.33 29.0 64.9 59 55
30 3.33 7.40 32.2 65.5 55 51
40 3.40 7.87 32.9 69.6 57 53
50 3.53 7.87 34.1 69.6 55 51
Table4  Comparison of performance with other ADPLLs.
This
. [4] [14] [15] [16]
Process (nm) 65 22 28 90 90
Ref. Freq. (MHz) 15 100 50 60 30
OSC type Ring Ring Ring LC LC
Settling time (us) 3 2.31 1 0.74 0.23
Settling cycle (cycles) 45 231 50 45 7
RMS Jitter (ps) 2.2 0.8 3 0.68 1.7
Power (mW) 9.66) 3.4 0.64 9.6 8
FoM (Eq. (12)) -250.24 | -249.35| -258.42| -260.46 | -269.46

on the tradeoff between settling cycle and jitter. In the previ-
ous study [17], the FoM including the settling time has been
proposed to consider lock time v.s. jitter trade-off. How-
ever, the settling time is affected by the reference frequency.
Therefore, we use the settling cycle instead of the settling
time to calculate the FoM as follows;

Jitter\? P
FoM = 10log [(ll—:r) (Settlingcycle)? ( liil)vflr )] . (12)
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5. Conclusion

In this work, we propose the temperature variation compen-
sated OTW estimation algorithm and its implementation for
the fast settling ADPLL. The settling time and the energy
consumption are respectively reduced by 47% and 42% at
least. Because the proposed TCPC requires only the re-
lationship between the digital code and the oscillation fre-
quency of DCO, the proposed TCPC can be adapted to other
divider-less ADPLLs using ring oscillator based DCO.
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