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elimination and, therefore, a more optimal resulting transient process.
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Annoranusa. Kpatko paccMOTpeHbI METOIbI YCKOPEHUS ITEPEXOIHBIX ITPOLIECCOB B CUHTE3aTO-
pax CeTKM 4acTOT Ha 0a3e KOHTYpa MMITYJIbCHOM (pa3oBoii aBTonoacTpoiiku yactotsl (PATTY) ¢
HCITOJIb30BaHNEM I'PyOOTO YCKOPSIIOMIEro Bo3aeiicTBUs 10 Bxoma KoHTypa MAITY B o6racTs Ma-
JIBIX PACCOIJIACOBAHUM IO YacTOTe C MOCAeAYIoNIel TOUHOW PeryaupoBKoii o dase. s omnpe-
IeJIeHUST HeOOXOOMMOCTH BKITIOUCHUS YCKOPSIOIIETO BO3IECTBUS IPUMEHSIIOTCSI 9aCTOTHO-(Pa-
30BbIe AeTeKTophl (MUYD/I), nMmeronime cocTosTHUS HachlmeHnsT. OmucaHbl YeThIPe U3BECTHHIX
anropurMa padbotsel MUD/, oTiinyaroimecs MexXay co00i YCIOBUSIMU U HAIIpaBJIEHUEM BbIXOaa
U3 COCTOSIHUM HacbilleHus. [TokazaHo, uTo 6e3 M3MEHEeHUs MapaMeTPOB 2JIEMEHTOB KOHTYpa
DATTY B COCTOSTHUSAX HACBIIIEHUS HU OAWH U3 aJITOPUTMOB HE MMEET CYIIECTBEHHOIO Mpeu-
mytiectBa. [Ipn nuamMeHeHun mapameTpoB ajieMeHToB KoHTypa PAITY anroputm MYD/I, ocy-
IIEeCTBJISTIOIINI TIPU BBIXOAE M3 COCTOSTHUI HACHIIIEHUS TIepexon B a3oBoe yIpaBieHUE MIPO-
TUBOIIOJIOKHOTO BO3IEICTBHS, cpa3y IOCJIEe BBIXOAA M3 COCTOSHUI HACHIIIEHUS MMeeT Ooliee
3 PekTuBHYI0 0TPabOTKY (ha30BOro paccoriacoBaHUs U, KakK ClIeICTBUE, HanboJiee ONTUMAalb-
HBII PE3YyJABTUPYIOINIA NTEPEXOIHBIN MPOLIECC.

KimogeBbie ci1oBa: CHTE3aTOP CETKH YacTOT, (pa3oBast aBTOMOACTPOIiKa YaCTOTHI, YCKOPEHHUE TIepe-
XOIHOTO ITPOIIeCcca, YaCTOTHO-(A30BbII IETEKTOP, AITOPUTM TIePexXoaa COCTOSTHUMA

Jlna nutupoBanus: Zaytsev A.A. Research on phase-frequency detector algorithms for fast lock-
ing PLL frequency synthesizers // Computing, Telecommunications and Control. 2021. T. 14, Ne 4.
C. 15-28. DOI: 10.18721/JCSTCS.14402

CraTbsi OTKPBITOIO A0CTYIIA, pacripoctpaHseMas mo guueH3uun CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

Frequency synthesizers based on a pulse phase-locked loop (PLL) are widely used in modern inte-
grated circuits of communications and computing technology. Some of the main performances of PLL
synthesizers are the output frequencies range, frequency and spectral resolution, the speed of transient
processes (TP) of frequency setting. Further development of the functionality of the end products requires
an increase in the performances of PLL synthesizers, including an increase in the speed of TP. One of the
methods to increase the speed of TP is to use the mode of coarse accelerating control of the PLL until small
frequency error is reached, followed by precise phase adjustment. Therefore, researches of the implemen-
tation of coarse accelerating control of the PLL are relevant.

The article gives a brief overview of methods for accelerating TP and researches the effectiveness of
phase-frequency detector algorithms to accelerate the initial stage of TP in the coarse accelerating control
mode and at the stage of transition to the state of phase error control.

Transient processes acceleration methods in PLL frequency synthesizers
Fig. 1 shows the block diagram of the integer-N PLL frequency synthesizer [1—3]. The PLL synthe-

sizer uses a signal from an external source, e.g. a crystal oscillator, as a reference. The pulse phase-fre-

© 3anueB A.A., 2021. U3paTenb: CaHkT-lMeTepbyprckuii NONMTEXHUYECKUI yHUBEpCUTET MeTpa Benvkoro
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Fig. 1. Block diagram of the integer-N PLL frequency synthesizer

quency detector (PFD) generates signals Up or Dn, the duration of which is proportional to the time
interval of alternately following signals of the reference frequency F' #z and the feedback frequency
FD[V' Based on these signals, the charge-pump (CP) generates width-modulated current pulses ICP of

the corresponding polarity, which produces voltage cho at the impedance of the loop filter (LF). The
frequency divider (FD) divides the output frequency F' vco Of the voltage controlled oscillator (VCO)
by a factor N. The conversion of the phase error intervals of signals F,, . and F/,  into a change in the

control voltage ch o ofthe VCO carries out so that as a result, the PLL locks in and the output frequency

FVCO is equal to the value of the reference frequency F g Multiplied by a factor of N.

Damping of TP fluctuations and stability of the PLL are ensured by a phase margin at the bandwidth
frequency. To ensure proper suppression of VVC o, voltage ripple caused by the output current pulses of the
CP, the bandwidth frequency of the PLL should, as a rule, be at least 10 times lower than the frequency
FREF. At the same time, it should be borne in mind that above the bandwidth frequency of the PLL,
the intrinsic phase noise of the VCO is transferred to the output frequency F vco Without attenuation.
Therefore, the value of the bandwidth frequency is a compromise between the duration of the TP and
the magnitude of phase noise in the output frequency FVCO [1-6].

The integer-N PLL was chosen to simplify the further narration, but the methods for accelerating TP
considered below are also applicable to fractional-N PLL.

A direct solution to improve locking time in PLL is to increase the loop bandwidth, since the lock time
is inverse bandwidth. However, it is also necessary to increase F #zp» Which isn’t always possible, since in
the device with PLL, F'___is often set or limited. For example, a higher F’ R value increases power con-

sumption, which is limiffrfg, especially in portable devices. Therefore, it is necessary to increase the speed
capability of the PLL in the transient state while saving the required filtering capability in the steady state.

In the theory of automatic control, in order to ensure high performance in terms of both speed and
accuracy of TP, combined control is widely used, when control actions are carried out in accordance
with different criteria depending on the error value. Upon switching to a new output frequency or with
a large error at the beginning of the TP, control should be carried out only in terms of ensuring the high
adjustment speed. Then, when the error is decreased to a small value, the control changes to meet the fast
damping of the TP fluctuations and ensure the filtering capability of the PLL. As a result of independent
control at the initial stage and at the end of the TP, the contradiction between the speed and stability of the
PLL decreases.

To decrease the duration of the initial stage of the TP, the methods of coarse accelerating control are
used until the PLL reaches the small error. Among others, these methods include direct initial presetting
of the output frequency of the VCO to approximately the required value and changing the specifications of
the elements of the PLL [7].

Direct presetting of the output frequency of the VCO can be carried out by using either a VCO with the
capability to switch output frequency subbands or presetting the control voltage of the VCO (for example,
with a digital to analog converter) [7].
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The preselection of the required subband of the output frequencies of the VCO can be carried out by
changing the number of load capacitors or the output resistance in the signal generation circuits, by pre-
setting the required operating current of the VCO, as well as by switching the number of delay cells in the
ring of the VCO [2, 3, 7—9]. In this case, the process of initial presetting of the output frequency of the VCO
can be considered practically inertia-free.

The initial presetting of the control voltage at the input of the VCO is carried out using the code corre-
sponding to the required frequency [9—13]. In this case, the control voltage of the VCO varies depending
on the production technological process variation of the elements of the VCO, the supply voltage and the
temperature of the chip [6]. With the minimization of technological process standards, these problems
increase, and as a result, eliminating the residual phase error due to an increase in the initial frequency
error can bring the TP to the end much faster. In addition, the use of direct presetting of the control volt-
age of the VCO greatly complicates the circuit and increases the PLL area on the chip. Calibration of the
control voltage codes of the presetting VCO for each chip leads to an even greater complication of the PLL
frequency synthesizer and an increase in the cost of the end products [8].

An alternative to the methods of presetting the output frequency of the VCO is to change the struc-
ture and specifications of the elements of the PLL at the initial stage of TP until a small frequency error
is reached [7, 14]. If the phase error of signals F’ rip and F oy €xceeds the value of 127 radians (but the
value fewer than =27 radians can also be used [15—17]), the PLL switches to the coarse accelerating
control. In this case, only the sign of the error of signals /' oppand F 18 taken into account, but its value
isn’t taken into account. As a result, the control is continuous and doesn’t depend on the value of the
phase error, which precludes the intrusion of beats in the control (phase slip cycles) and, thereby, ac-
celerates the elimination of a large initial frequency error. When the output frequency F' vco approaches
the required value, the PLL returns to the phase control mode with a linear dependence on the phase
error value.

To further reduce the initial stage of TP in the coarse accelerating control, loop bandwidth is increased
by both a multiple increase in the amplitude of the output current of the CP and a change in the impedance
ofthe LF [1-3, 5, 6, 15, 18—22]. The bandwidth can be increased with or without loop stability. After the
PLL reaches a small phase error, the bandwidth is restored to its reference value.

Fig. 2 shows the block diagrams of the 2" order LF with the capability of reducing the resistance
Rz in the coarse accelerating control at the initial stage of TP [1, 6, 22]. The LF has zero and pole fre-
quencies and is an inertial proportional-integrating element in the PLL. The RZC S performs frequency
correction of the PLL to create the required phase margin and damping the fluctuations of TP. The LF
has a maximum phase margin of up to —90° at the frequency that is the geometric mean of the zero and
pole frequencies. When designing a PLL, the goal is for the open-loop unity gain frequency to be equal
to this geometric mean frequency.

When the output current of the CP increases by a factor of K, the resistance R , is reduced by the square
root of K to preserve the reference phase margin. This will also increase the bandwidth to the square root
of K'[2, 3, 19].

The resistances R, and R
SW |, are calculated as

,,» taking into account the residual resistance RSW1 of the closed switch

1
Rzz = E(RZL - RZF + \/(RZL - RZF ) (RZL - RZF + 4RSW1 ) ) ’
R, =Ry — Ry,
where R, is the required R, in phase control (switch SV is open); R . is the required R, in coarse acce-
lerating control (switch SW | is closed).
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Fig. 2. Block diagrams of the 2™ order LF with the capability to reduce the resistance R,
a — series connection of C, and C; b — parallel connection of C,and C,

The increasing overshoot of TP imposes limitations on increasing bandwidth in coarse accelerating
control. However, to further accelerate the adjustment of the control voltage of the VCO, a further increase
in the amplitude of the output current of the CP is required. To accelerate the recharge of the LF capaci-
tors, in [5, 20] it is proposed to use an augmented set of amplitudes of the output current of the CP.

The method consists in shunting the resistor RZ, synchronization of the counting start in the FD by
the F, . signal, and anticipatory exit of the PLL from the coarse accelerating control. This method allows
increasing the output current of the CP and at the same time precluding large overshoot of TP.

The simultaneous increase in the output current of the CP and the shunting of Rz cause the loss of sta-
bility of the PLL [6, 23]. In this case, at the moment when the PLL exits the coarse accelerating control,
the voltage of the capacitor C »at the LF of Fig. 2a is about zero, and at the LF of Fig. 25 it coincides with
the voltage of the capacitor C ,» Which improves the initial conditions for damping the fluctuations of TP
by the RZC _ circuit when the PLL returns to phase error control.

Synchronization of the counting start in the FD by the F #z Signal contributes to the creation of fa-
vorable phase relations between the I rip and F p Signals at the time of comparing their periods in the
PFD [7, 14].

The anticipatory exit of the PLL from the coarse accelerating control is similar in effect to the differ-
ential component and is used to prevent large overshoot of TP due to the inertia of the PLL caused by the
presence of a FD in the feedback. The anticipatory exit is realized by dividing the £, ., frequency in the
FD by a factor greater or less than the required NV in the steady state, depending on what action (Up or Dn)
the PLL is under.

Thereby, simultaneous and fast change in the control voltage V., and a timely exit of the PLL from
the coarse accelerating control is ensured when the output frequency of the VCO reaches a value close to
the required one.

Also, other methods are used to accelerate the tuning of the control voltage cho at the initial stage
of TP. For example, the use of an additional CP connected directly to the capacitor CZ, and the ratio of
the current of the additional CP to the main one equals the ratio of the capacitances C , to C »12,24]. In
[25], the connection of a voltage repeater to be switched off in parallel to the resistor R, is considered. The
repeater input is connected to the cho circuit and, thereby, in the coarse accelerating control, the entire
current of the CP is spent on recharging the capacitor C P

The block diagrams of the 2" order LF with additional switches SW, shown in Fig. 2 are functionally
equivalent to the diagrams shown in [26], where the PLL additionally contains units for detecting the
synchronism in frequency and in phase. The control algorithm for switches S Wl and S W2 is as follows.
At the beginning of TP, the FD and the PFD are reset to the initial state, the switches SW, and SW,
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are closed and the output current of the CP is increased. As a result, a high speed of VVCO voltage adjust-

ment is achieved. After detecting that the frequencies F' o and F Ly are close, the switch S W2 is opened,
the PFD and the PFD are reset to the initial state again, while the increased value of the output current of
the CP remains. At the same time, the damping effect emerges and the PLL tries to eliminate the phase
error. After detecting that the phases F' rppand F L are close, the switch S W1 is opened, the PFD and FD
are reset again to the initial state, and the output current of the CP is returned to the reference value.

The requirements to further reduce the initial stage of TP lead to the combined use of a VCO preset and

bandwidth increase, as, for example, in [27].

>

Research of algorithms for pulse phase-frequency detectors with saturation states

It is known that the dynamics of TP of frequency adjustment in the PLL when using coarse accelerating
control largely depends on the algorithm for generating output control signals of the PFD. The simplest
PFD has three states: two phase control states and a neutral retention state [1—3]. To implement coarse
accelerating control, PFD with five or more algorithm states are used.

Fig. 3 shows the algorithms for PFD presented in [28—31]. The state designated as Off refers to the
retention of charge on the capacitors of the LE. The LF capacitors are recharged in the groups of Up
and Dn states. In phase control and with the alternating sequence of the F' e and F 1y Signals, the PFD
switches between the Up (B) or Dn (F) states and the Off state (4). The condition for changing the state
of the phase control is the change in the sign of the phase error of the F’ rpe and F oy Signals. Coarse
accelerating control in the PLL is carried out when the PFD is in saturation states, designated as Fast.

For all the algorithms shown, switching to the saturation states is carried out after the arrival of the
second F,or I, pulse in a row, i.e., when the phase error of the F,, . and F  signals increases by
more than * 27 radians. The conditions and direction of exit from the saturation states are different for the
shown algorithms. Since the algorithms are symmetrical about the Off state, only the exit from the satura-
tion state of the Up action is considered in detail.

For all algorithms, when the first /. pulse arrives, switching to the state of the phase control of the Up
action is carried out. After the second consecutive impulse R SWitching to the Fast state is carried out.
Outside of this, the algorithms differ from each other.

For the algorithm in Fig. 3a, when a single pulse /', arrives, the Up state remains, but the PFD leaves

the Fast state. Only two consecutive F' oy Pulses in the interval between two F #z Teturn the PED to the
Off state. With a large error between the ', __and I frequencies, this algorithm precludes beats in the

control (phase slip cycles), but periodicalhfa filipsables ch]g coarse accelerating control.

For the algorithms of Fig. 3b, ¢, d, it is typical that one incoming F' 1y bulse doesn’t bring the PFD
out of the Fast state. For the algorithm in Fig. 3b, the second consecutive F y Pulse in the interval be-
tween F, . pulses switches the PFD to the state of phase control, with the opposite action Dn. For the
algorithm in Fig. 3¢, the second consecutive F 1y bulse between F oz Pulses returns the PFD to the Off
state. For the algorithm in Fig. 3d, the second consecutive F’ oy Pulse between F i Pulses switches the
PFD to the state of phase control, with the opposite action Dn, and the alternate arrival of the F’ REF and
F,, pulses returns the PFD to the Off state.

In terms of the theory of automatic control, the considered PLL is a pulse stabilization system, in which
regulation is carried out by signals with pulse-width modulation. In addition, the considered PLLs have
elements with variable parameters (CP + LF) and nonlinear correction (PFD) with complex algorithms
for conditions and directions of exit from saturation states. These circumstances make the analytical study
of the characteristics of the TP very difficult. Thus, mathematical modeling is widely used to study the TP
characteristics in the practice of designing such PLLs. In this paper, the simulation was carried out in the
Simulink environment [2, 32, 33].

To study the efficiency of the considered algorithms of the PFD for accelerating the initial stage of TP,
the simulation of setting the output frequency F' vco from a zero initial value for three control conditions
when the PFD was in the Fast states was carried out:
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+ without using acceleration, i.e. without changing the specifications of the PLL elements;

» with acceleration by increasing the bandwidth by 2 times, i.e. increasing the output current of the
CP by 4 times and reducing the resistance Rz by 2 times;

» with acceleration by increasing the output current of the CP by 10 times, reducing the RZ, using the
synchronization of the FD by the pulses F' #i @Nd anticipatory exit from coarse accelerating control.

In the simulation, the PLL was used with the following characteristics: input frequency 1 MHz, output

frequency 100 MHz, bandwidth 100 kHz, phase margin 60°.
Results of frequency setting TP simulation

TP simulation diagrams of setting the output frequency to 100 MHz from the initial value of zero are
shown in Fig. 4—6. From the diagrams, it is possible to draw conclusions about the control at different
stages of TP, quantify the overshoot and duration. Common to all diagrams is that on the second cycle of

the F’ - Signal, i.e., when the phase error exceeds +27 radians, the PLL switches to the coarse accelerating

control, which is designated by the Fast signal.

a) Dn Lo Up
Fast : : Fast

Fpy REF
'F - Fow 'F - Fow Frer - ' e Frer - '
REF > REF > ¢ DIV ¢ DIy

b)

Fpy Frer
F D[V< : >< o @ = » ‘ Frer

F DIV
F REF

REF
' FI)/V FREF ' FREF

Fig. 3. Algorithms of PFD: a — [28, 29]; b — the first embodiment in [30];
¢ — the second embodiment in [30]; d — [31]
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Fig. 4. TP diagrams of setting the frequency F, ., without changing the specifications
of the PLL elements in Fast mode when using the PFD of works: a — [28, 29];
b — the first embodiment in [30]; ¢ — the second embodiment in [30]; d — [31]

Fig. 4 shows the TP diagrams of setting the output frequency F vco Without changing the specifica-
tions of the PLL elements when the PFD was in the states Fast. All TP diagrams have overshoot. Refer
to Fig. 4a. After switching the PFD to the Fast state, the pulses FD[V that begin to arrive periodically
switch the PFD to phase control, but this doesn’t affect the slew rate of the output frequency F'_._since

the PFD remains in the Up state. In Fig. 4b,c, until a small frequency error is reached, the Iggsot state
isn’t reset and, therefore, the slew rate of the output frequency F vco coincides with that in Fig. 4a. For
the diagram in Fig. 4d, even before the small error in frequency F' vco 18 reached, the PFD periodically
switches to the Off state, which slows down the initial stage of TP. This circumstance is due to the pecu-
liarity of the algorithm used in Fig. 3d, which consists in the fact that with alternate arrival of pulses F' -
and F o the PED performs premature exits from the Fas? state to the Off state even before reaching a
small frequency error.
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After the final exit from the Fast state, the PFD switches between the states of phase control. For
Fig. 4a,c, the diagrams of the stages of the end of TP coincide. For the diagram in Fig. 45, after exiting the
Fast state, the beginning of the process of setting the frequency F vco 18 the most optimal in comparison
with other diagrams. This is due to the fact that when leaving the Fast state, the PFD switches to the op-
posite action Dn of phase control.

Fig. 5 shows TP diagrams with bandwidth doubled when the PFD is in the Fast states. In this case, the
slew rate of the control voltage V', . , and, consequently, the slew rate of the value of the output frequency

rco?

F,.,» are quadrupled in comparison with Fig. 4.

For the diagram in Fig. 5a, even before the small error in frequency F' vco s reached, single pulses
F oy femove the PED from the state Fast, while remaining in the Up state. The premature exit from the
Fast state decreases the resulting slew rate of the F vco frequency. It is clear that until the vicinity of the

required frequency is reached, the coarse accelerating control must operate continuously. For the dia-

a) b)
120
100 100
T =
=Nl =
C & S
59 <3

an}-
20

0 1 2 3 L) 5 0 1 2 3 4

0 1 2 3 4 5 0 1 2 3 4

Time offzet: 0 " 1EI. Time offset. 0 %10

Fig. 5. TP diagrams of setting the frequency F, ., with bandwidth doubled
in Fast mode when using the PFD of works: a — [28, 29];
b — the first embodiment in [30]; ¢ — the second embodiment in [30]; d — [31]
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grams of Fig. 5a,b,c, the increased overshoot, in comparison with the diagrams of Fig. 4, is due to the
fact that the bandwidth is increased, but anticipatory exit from the Fast mode isn’t used. Small overshoot
of the diagram in Fig. 5d is due to the periodic premature exit of the PFD from the Fast state. However,
in this case, the rate of rise of the frequency cho decreases.

Fig. 6 shows the diagrams of TP, where in the Fast state, an increase in the output current of the CP

by 10 times, reduction of the R, synchronization of the start of counting in the FD by pulses /', .. and

>

REF
anticipatory exit from coarse accelerating control are used. The Syrnh signal shows the moments of syn-
chronization of the start of counting in the FD.

In the Fast state, the slew rate of the control voltage V.., and therefore the value of the output frequen-
cy F

veor increase 10 times compared to Fig. 4 and 2.5 times compared to Fig. 5.

Synh ;”“”H””H”“ .............. 1 Synh ;””Hl .............. ]
9 | “ d) | K

1] 1 2 3 4 5 0 1 2 3 4

5
Time offset: 0 %10 Time oftzet: 0 w10

Fig. 6. TP diagrams of setting the frequency F, ., where in the Fast state a 10 times increase

rco’
in the CP output current, reduction of the R, synchronization of the FD
and anticipatory exit from the Fast states are used with PFD of works: a — [28, 29];

b — the first embodiment in [30]; ¢ — the second embodiment in [30]; d — [31]
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For the diagrams of Fig. 6a as well as for the diagrams of Fig. 4a and Fig. 5a, the periodic premature
exits of the PFD from the Fast state slow down the initial stage of the TP. The diagrams of Fig. 6b,c,d re-
main in the Fast state until the PLL reaches a small error.

The TP characteristics of Fig. 4—6 are summarized in Table 1. The duration of TP is given in the num-
ber of F, . clocks.

Table 1
The TP characteristics of Fig. 4—6
TP duration of F, setting (in F,, clocks)
Figure TP overshoot, % with an accuracy
5% 1% 0.1%
4a 15.9 92 120 172
4b 13.5 63 104 153
4c 15.9 92 120 172
4d 10.4 79 123 172
Sa 24.4 53 97 144
5b 33.6 42 86 135
S¢ 33.6 49 94 141
5d 9.5 44 89 140
6a 26.4 51 95 144
6b 1.32 7 37 87
6¢ 12.0 21 65 117
6d 9.2 19 64 114

Since the algorithms don’t differ from each other when they are in phase control (switching between
states A, B, E), then the durations of the TP of setting the frequency F,., from an accuracy of 1 to 0.1 %
are practically identical and on average are 50 clocks. For the diagrams of Fig. 5 and 6, the duration of TP
from an accuracy of 5 to 1 % takes on average 44 clocks, except for Fig. 6b. This difference is due to the
fact that the overshoot of the TP in Fig. 65 is initially less than 5 % and the entry into this error range begins
when the PFD is still in the Fast state. As a result, the diagram in Fig. 65 shows a close to optimal resulting
TP, the minimum overshoot, and therefore, the total duration of the TP.

Based on the simulation results, the following conclusions can be drawn:

1. Without the use of an accelerating action at the initial stage of TP, none of the algorithms has a sig-
nificant advantage. However, the algorithm in Fig. 36 looks preferable due to more efficient elimination of
the error immediately after exiting the Fast states.

2. In case of accelerating by means of doubling the bandwidth, the TP using the algorithm in Fig. 35
also has an advantage, despite significant overshoot (more than 30 %).

3. The third considered method of accelerating the initial stage of TP is carried out by increasing the
output current of the CP by 10 times, reduction of the Rz, synchronizing the start of counting in the FD
by pulses ' #i and anticipatory exit from coarse accelerating control. In this case, the behavior of the TP
using the algorithm in Fig. 3 already shows a significant advantage.

Conclusion

A common way to reduce the duration of TP in a PLL is to use an accelerating action until the PLL
reaches a small error and, at the same time, to minimize overshoot. To determine the moment when the
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accelerating action is turned on and to eliminate the phase slip cycles, PFD are used, which have saturation
states when the phase error of the reference frequency and the feedback frequency exceeds 27 radians.

The algorithms of PFD presented in [28—31] are considered. To compare the efficiency of the algo-
rithms of PFD, TP were simulated for conditions without acceleration and using two acceleration methods
in saturation states of PFD (that is, in Fast states).

It is shown that without changing the specifications of the elements of the PLL in saturation states,
none of the algorithms has any significant advantage. When changing the specifications of the elements of
the PLL, the algorithm, which, upon exiting the saturation states, goes into phase control of the opposite
action, immediately after exiting the saturation states has more effective error elimination and, therefore,
a more optimal resulting TP.

Since the algorithms differ only in the conditions and direction of exit from the saturation state, these
differences will appear only at the stage when the PLL eliminates large errors. After that, the duration of
the TP depends on the initial overshoot and the required accuracy of setting the output frequency. There-
fore, the more precise the setting of the output frequency is required, the less is the relative difference in
the duration of TP for the considered algorithms and acceleration methods when the PFD is in a state of
saturation.

REFERENCES

1. Kroupa V.F. Phase lock loops and frequency synthesis. Wiley, 2003. 334 p.

2. Shu K., Sanchez-Sinencio E. CMOS PLL synthesizers: Analysis and design. Springer Science, 2005. 216 p.

3. Banerjee D. PLL Performance, Simulation and Design. 5" Ed. Dog Ear Publishing, 2017. 500 p.

4. Gordonov A.N., Rezvaja I.V. Astaticheskaja sistema IFAPCh, optimizirovannaja po dlitel'nosti podstrojki
[A static PLL system, optimized for the duration of adjustment]. Radiotehnika [ Radiotechnics], 1992, No. 4,
Pp. 48—52. (rus)

5. Ko S.-S. Sigma-delta fractional-N PLL with reduced frequency error. Pat. US No. 7408419. Int. CI HO3L
7/095, HO3L 7/107, HO3L 7/18. Date of Patent 05.08.2008.

6. Chiu W.-H., Huang Y.-H., Lin T.-H. A dynamic phase error compensation technique for fast-locking
phase-locked loops. IEEE Journal of Solid—State Circuits, 2010, Vol. 45, No. 6, Pp. 1137—1149. DOI: 10.1109/
JSSC.2010.2046235

7. Laytsev A.A., Petrov V.F. Speed-up of transient response in PLL synthesizers. Proceedings of Universities.
Electronics, 2016, Vol. 21, No. 1, Pp. 67—74. (rus)

8. Kuang X., Wu N. A fast-settling PLL frequency synthesizer with direct frequency presetting. /EEE Inter-
national Solid-State Circuits Conference. Digest of Technical Papers, 6-9 Feb. 2006. San Francisco, CA, USA,
2006, Pp. 741-750. DOI: 10.1109/ISSCC.2006.1696113

9. Lou W., Feng P., Wu N. Current reusing low power fast settling multi-standard CMOS fractional-N fre-
quency synthesizer. IEEE International Symposium on Radio- Frequency Integration Technology, 30 Nov.-2 Dec.
2011. Beijing, China, 2011, Pp. 129—132. DOI: 10.1109/RFIT.2011.6141780

10. Ryu H.-G., Lee H.-S. Analysis and minimization of phase noise of the digital hybrid PLL frequency
synthesizer. [EEE Transactions on Consumer Electronics, 2002, Vol. 48, No. 2, Pp. 304—312. DOI: 10.1109/
TCE.2002.1010136

11. Charlon O. Voltage-controlled oscillator presetting circuit. Pat. US No. 6914489. Int. CI HO3L 7/00. Date
of Patent 05.07.2005.

12. Shin S., Lee K., Kang S.-M. 4.2mW CMOS frequency synthesizer for 2.4GHz ZigBee application with
fast settling time performance. International Microwave Symposium Digest, 11-16 Jun. 2006. San Francisco, CA,
USA, 2006, Pp. 411—414. DOI: 10.1109/MWSYM.2006.249558

26



4 YCTpOWCTBa M CUCTEMBI Nepeaayn, npuéma n 06paboTkn CUrHANIOB

13. Shakhtarin B.I., Sidorkina Ju.A., Timofeev A.A. High-speed frequency synthesizer. Pat. RF No. 2602-
991. Int. CI HO3L7/18. Date of Patent 20.11.2016. (rus)

14. Shahgil'djan V.V., Pestrjakov A.V. Tendencii razvitija tehniki sinteza chastot dlja telekommunikacionnyh
sistem i ustrojstv [ Trends in the development of frequency synthesis techniques for telecommunications systems
and devices]. Elektrosvjaz | Electrocommunication], 2003, No. 11, Pp. 74—78. (rus)

15. Vaucher C.S. An adaptive PLL tuning system architecture combining high spectral purity and fast set-
tling time. IEEFE Journal of Solid—State Circuits, 2000, Vol. 35, No. 4, Pp. 490—502. DOI: 10.1109/4.839909

16. Lan J., et al. A nonlinear phase frequency detector for fast-lock phase-locked loops. 8" IEEE Inter-
national Conference on ASIC, 20-23 Oct. 2009. Changsha, China, 2009, Pp. 1117—1120. DOI: 10.1109/
ASICON.2009.5351378

17. Hosseini E., Mousazadeh M., Dadashi A. A wide band fractional-N synthesizer in 0.18um CMOS pro-
cess. 20" International Conference on Mixed Design of Integrated Circuits and Systems, 27-29 Jun. 2019. Rzeszow,
Poland, 2019, Pp. 171—177. DOI: 10.23919/MIXDES.2019.8787071

18. Crowley A.T. Phase-locked loop with variable gain and bandwidth. Pat. US No. 4156855. Int. CI HO3B
3/04. Date of Patent 29.05.1979.

19. Yang C.-Y., Liu S.-I. Fast-switching frequency synthesizer with a discriminator-aided phase detector.
IEFEF Journal of Solid—State Circuits, 2000, Vol. 35, No. 10, Pp. 1445—1452. DOI: 10.1109/4.871321

20. Fan Y. Frequency synthesizer with three mode loop filter charging. Pat. US No. 6693494. Int. CI HO3L 7/00.
Date of Patent 17.02.2004.

21. Romanov S.K., Tikhomirov N.M., Markov I.A. Perehodnye processy v sisteme impul'snoj fazovoj avto-
podstrojki chastoty s drobnymi deliteljami chastoty i jelementami kommutacii [Transients in a pulse PLL sys-
tem with fractional frequency dividers and switching elements]. Vestnik MGTU im. N.Je. Baumana. Priborostro-
enie | Bulletin Bauman MSTU. Device Engineering Series|, 2008, No. 3, Pp. 53—69. (rus)

22. Xue Y., et al. A bandwidth adjusted PLL for fast chirp FMCW radar application. 15" International Con-
Serence on Solid-State and Integrated Circuit Technology, 3-6 Nov. 2020. Kunming, China, 2020, Pp. 1-3. DOI:
10.1109/1CSICT49897.2020.9278203

23. Ding Z., Liu H., Li Q. A phase-error cancellation technique for fast-lock PLL. 12" IEEFE International
Conference on Solid-State and Integrated Circuit Technology, 28-31 Oct. 2014. Guilin, China, 2014, Pp. 1-3.
DOI: 10.1109/ICSICT.2014.7021200

24. Lee I-T., Tsai Y.-T., Liu S. A fast-locking phase-locked loop using CP control and gated VCO. Pro-
ceedings of Technical Program of VLSI Design, Automation and Test, 23-25 Apr. 2012. Hsinchu, Taiwan, 2012,
Pp. 1—-4. DOI: 10.1109/VLSI-DAT.2012.6212601

25. Kuo K.-C. Fast locking technique by using a programmable operational transconductor for a phase lock
loop design. International Conference on IC Design and Technology, 17-19 June 2019. Suzhou, China, 2019,
Pp. 1-4. DOI: 10.1109/ICICDT.2019.8790855

26. Garmonov A.V., et al. Frequencies synthesizer with alternating amplification and pass band of phase au-
to-adjustment ring. Pat. RF No. 2267860. Int. CI HO3L7/22, HO3L7/107. Date of Patent 10.01.2006. (rus)

27. Nelson D.H., Sun L. Low-noise, fast-lock phase-locked loop with 'gearshifting”" control. Pat. US
No. 6504437. Int. CI HO3L 7/00. Date of Patent 07.01.2003.

28. Wang X., et al. Fast locking phase frequency detector. Pat. US No. 6617884. Int. CI HO3D 13/00. Date of
Patent 09.09.2003.

29. Sharkia A., et al. A compact, voltage-mode type-1 PLL with gain-boosted Saturated PFD and syn-
chronous peak tracking loop filter. /EEE Transactions on Circuits and Systems I: Regular Papers, 2019, Vol. 66,
No. 1, Pp. 43—53. DOI: 10.1109/TCSI1.2018.2858197

30. Kaatz G.F. Frequency synthesizer having digital phase detector with optimal steering and level-type lock
indicator. Pat. US No. 4764737. Int. CI HO3L 7/06, HO3D 3/02, HO3K 9/06. Date of Patent 16.08.1988.

31. Kacharmina E.G., et al. Impul'snye chastotno-fazovye detektory v bystrodejstvujushhih sintezato-
rah chastot [Pulse phase-frequency detectors in high-speed frequency synthesizers|. Sistemy Sinhronizacii,

27



4Circuits and Systems for Receiving, Transmitting and Signal Processing >
I

Formirovanija i Obrabotki Signalov |Synchronization, Signal Generation and Processing Systems], 2018, No. 1,
Pp. 85-93. (rus)

32. Kamal N., Al-Sarawi S., Weste N.H.E., Abbott D. A phase-locked loop reference spur modelling us-
ing Simulink. International Conference on Electronic Devices, Systems and Applications, 11-14 Apr. 2010. Kuala
Lumpur, Malaysia, 2010, Pp. 279—283. DOI: 10.1109/ICEDSA.2010.5503058

33. Zaytsev A.A. Proektirovanie sintezatorov chastot na baze FAPCh v srede funkcional nogo modelirovanija
Simulink [Designing PLL frequency synthesizers with Simulink functional simulation environment]. Proceed-
ings of the 14" International Scientific and Practical Conference on Microprocessor, Analog and Digital Systems:
Design and Circuitry, Theory and Application Issues, 25 Apr. 2014. Novocherkassk, 2014, Pp. 13—25. (rus)

THE AUTHOR / CBEAEHUA Ob ABTOPE

Zaytsev Andrey A.
3aiineB AHapeii AreKceeBHY
E-mail: andazaitsev@mail.ru

The article was submitted 02.10.2021; approved after reviewing 15.12.2021; accepted for publication
22.12.2021.

Cmamss nocmynuna 6 pedaxyuro 02.10.2021; odobpera nocae peyenzuposanus 15.12.2021; npunama k
nyoauxayuu 22.12.2021.

28



