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Abstract: The current work employs the HMC830 phase-locked loop chip to design a frequency
synthesizer operating in the L-band. The frequency synthesizer can provide a local oscillation signal
for the RF receiver front end. This article employs the phase-locked synthesis technique to describe
the design scheme. Due to the advantages of the passive loop filters, such as simplicity, low cost, and
low phase noise, a passive fourth-order RLC loop filter is proposed to improve the output signal
quality and reduce phase noise. The performance of this loop filter is compared with the passive
fourth-order RC loop filter. The effects of these two loop filters on phase noise, loop capture time, and
spur suppression are analyzed. Subsequently, the design scheme, simulation analysis, and test results
of the frequency synthesizer are presented under these two loop filters. The test results indicate
that the passive fourth-order RLC loop filter outperforms the passive fourth-order RC loop filter; its
output signal phase noise is higher than —100 dBc/Hz@1 kHz, loop capture time is less than 100 us,
and spur suppression is better than 60 dBc. This frequency synthesizer can provide high-performance
local oscillation signals for wireless communication equipment such as transmitters and receivers. It
meets the application requirements of many radio communication circuit structures and has good
application prospects.

Keywords: PLL; loop filter; phase noise; frequency synthesizer

1. Introduction

With the growth and application of wireless communication technology, it is crucial to
ensure the reliability and stability of the frequency source’s output signal [1-3]. A frequency
synthesizer is the core component of the RF front end in a satellite radio communication
system. It can provide a precise and stable frequency as the local oscillation signal for
wireless communication devices [4]. RF engineers face design difficulties such as high
stability and low phase noise frequency sources. Frequency synthesis techniques include
direct analog frequency synthesis, indirect frequency synthesis, and direct digital frequency
synthesis [5-7]. The direct analog frequency synthesis technique is realized by multiplying,
dividing, and mixing one or more base signal sources to generate many discrete frequency
output signals [8]. A crystal oscillator generates the reference signal. The direct digital
frequency synthesis technique employs digital sampling and storage technology to perform
frequency synthesis using the phase concept. As an indirect frequency synthesis technique,
the phase-locked frequency synthesis is realized by locking the frequency of the voltage-
controlled oscillator (VCO) to a specific frequency through a phase-locked loop (PLL), and
the required frequency is generated and output by the VCO [9,10]. Compared with the
other two techniques, the indirect frequency synthesis technique can appropriately select
the target frequency signal without many filters. It also has a simple structure, low power
consumption, and high output signal purity, which are conducive to miniaturization and
integration [11].
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This article employs the phase-locked frequency synthesis approach to design a fre-
quency synthesizer operating in the L-band. The phase-locked loop system is introduced in
detail. A passive fourth-order RLC loop filter is proposed, and its performance is compared
with the passive fourth-order RC loop filter in terms of phase noise, loop capture time, and
spur suppression. The test results give the output frequency of 1426 MHz at the detection
frequency of 50 MHz. The design provides a reference significance to the design of the
L-band frequency source.

2. PLL Principle and Chip Introduction
2.1. Basic Principle of PLL

A phase-locked loop (PLL) is a phase feedback control circuit that adjusts its internal
oscillator’s frequency and phase using an external input reference signal [12]. It mainly
comprises a phase detector (PD), a loop filter (LF), a frequency divider (FD), and a voltage-
controlled oscillator (VCO) to form a closed-loop system. Figure 1 shows a typical schematic
of the phase-locked loop [13].
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Figure 1. PLL schematic.

Kyco is the voltage control sensitivity, K; represents the voltage transfer coefficient,
F(s) describes the filter transfer function, and G(s) represents the open-loop gain of the
loop circuit. As shown in Figure 1, the PLL is a phase-negative feedback system where the
input phase is 6;(t), the VCO feedback output phase is 6, (t), and the phase error is 6,(t).
The phase relationship is described as follows [14]:

0u(1) = (1) ~ (1) = (1) ~ KvcoK™ L sinée (1) <1>

where p is the derivative operator. When 6,(t) is small enough, sinf,(t) can be approxi-
mated as 60, (t). KycoKy; = K (1) can be transformed into the following complex frequency
domain:

50e(s) = s0;(s) — % 2
From (1), we have 5
F(s

o :KW(Gi_GO) (3)

From (1) and (3), the closed-loop transfer function of the loop circuit is obtained in
terms of the transfer function F(s) as follows [12]:

_ 0 KycoKgF(s) — G(s)
H(s) = 5 = SN+ Kyeok,FG) — 14 G() @)
h
where KycoKyF(s)

The loop filter is critical to the overall design of the frequency synthesizer. It can
pass DC signals and suppress high-frequency AC signals, interference, and harmonic
components. The loop filter type and bandwidth determine essential parameters of the
output signal, such as phase noise, lock time, and loop stability. Although it has a simple
circuit structure, it significantly influences the operation of the whole system.
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2.2. Introduction of Loop Filter

Loop filters include the RC integral filter, the passive proportional-integral filter,
and the active proportional-integral filter, as shown in Table 1. The RC integral filter is
also known as the lagging filter due to its phase lag characteristics. Its output voltage is
approximately proportional to the input voltage integral for sufficiently high frequencies,
and the phase tends to be 90°. This type of filter has rarely been utilized in the literature. The
passive proportional-integral filter maintains a fixed proportional input-output voltage
relationship in the high-frequency range, with the phase asymptotic to 0°. When the
phase increases, it exhibits the phase lead correction effect, improving the closed-loop
stability. The proposed frequency synthesizer employs this type of filter. The active
proportional-integral filter has the characteristics of a low-pass filter, and the same period
phase frequency characteristics also have the role of lead correction. Generally, the higher
the order of the loop filter, the better the phase performance [15].

Table 1. Loop filter characteristics (first-order).

N . Adjustable

Loop Circuit Type Noise (AMP) Phase Parameter
RC integral filter no phase lag 1
passive proportional-integral filter no lead correction 2
active proportional-integral filter yes lead correction 2

2.3. Introduction of the HMCS830 Chip

The HMC830 is a broadband PLL chip from Hittite. The chip has an integrated
voltage-controlled oscillator (VCO), a VCO output divider, a phase detector (PD), and a 6-0
modulator.

Its output frequency range is 25 MHz~3 GHz. It can work in integer or fractional
frequency divider mode. It has industry-leading, ultra-low noise, and ultra-low spurious
signal characteristics. The output power range of the chip is 0~9 dBm (adjustable in 3 dB
steps), and the typical value of the output power is 6 dBm. The phase detection frequency
inside the chip is up to 100 MHz. Increasing the phase detection frequency reduces the
phase noise and shortens the loop capture time to obtain a high-quality output signal. The
chip also has a 6-0 modulator for accurate frequency modes, which allows the output
frequency of the chip to perform without a frequency error.

3. Scheme Design

The microcontroller (MCU) chip is C8051F330 from SILICON. The reference frequency
source is a 50 MHz oven controlled crystal oscillator (OCXO). The reference signal is not
frequency-divided, and the phase detection frequency is 50 MHz. The voltage regulator
chip HMC1060LP3E provides the circuit voltage.

Figure 2 shows the system architecture. The MCU controls the PLL through its
registers. The SPI protocol communicates between the MCU and the PLL. The OCXO
generates the reference signal through the R divider of the PLL. The PD outputs a voltage
signal by comparing the reference signal with the output signal of the VCO after the N
divider. This voltage signal is linearly related to the phase difference between the two
signals. The loop filter eliminates the noise and high-frequency components of the voltage
signal. The filtered signal is fed into the VCO, and the VCO outputs the corresponding
signal at a specific frequency. This signal is then fed back to the PD. The PD compares the
feedback signal with the reference signal to make their phase difference zero. The loop
circuit goes into a locked state. At this point, the VCO outputs a stable single-frequency
signal, which is output via the K divider.
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Figure 2. Frequency synthesizer system architecture.

The system’s frequency division is described as follows [16]:

= Io ©)
fvco = fo% (Nint + mec)

In order to alleviate the impact of phase noise on the system, a new passive fourth-
order RLC filter is proposed as the loop filter. ADIsimPLL is utilized to design the two
types of loop filters. ADIsimPLL is the software for the simulation design of PLL frequency
synthesizers.

In the passive fourth-order RC filter, C1, C2, C3, and C4 are filter capacitors, and R1,
R2, and R3 are filter resistors, forming a m-type RC filter circuit. The signal is first filtered
by C1, which filters out most AC components. R1 and C2 form a passive proportional-
integral filter. R2, C3, R3, and C4 form a two-stage voltage divider circuit. Due to the
small capacitive reactance of C3 and C4, the voltage divider attenuates the AC component
significantly, thus realizing the filtering.

The topology and components of this loop filter differ from the passive fourth-order
RC filter. The passive fourth-order RLC filter comprises a pre-filter C3 and an inverted
L filter (L1, C2). The filter is coupled with a series inductor to obtain a better roll-off
characteristic [17]. The inductor has a self-inductance effect and high inductive resistance to
AC. However, it cannot reduce the output voltage compared to the resistor. When passing
current, the inductor generates an electromotive force at each terminal to suppress the
current changes such that it can operate as a filter. As the current increases, some of it
will be stored in the inductor, gradually increasing the current. Meanwhile, as the current
decreases, the reverse electromotive force hinders its decrease. Accordingly, a smooth DC
current is obtained. Let us compare these two filter circuits. The filter resistor has the same
resistance to DC and AC. In contrast, the filter inductor has a large inductance to AC and a
small resistance to DC. This improves the filtering effect without reducing the DC output
voltage. Therefore, the RLC filter is superior to the RC filter and obtains a smoother signal.
Figure 3 compares the two circuit topologies.
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Figure 3. Loop structure: (a) passive fourth-order RC filter and (b) passive fourth-order RLC filter.

The closed-loop stability can be realized if, and only if, all roots of the characteristic
equation of the closed-loop system have negative real parts [18]. It should be noted that
stability is independent of the zero location. Table 2 shows the closed-loop system poles
obtained by combining Equations (4), (7), and (8). As shown in Table 2, and since all poles
of the closed-loop system are located in the left half plane, the circuit is stable.
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Table 2. The closed-loop system poles.
Passive Fourth-Order RC Passive Fourth-Order RLC
Filter Filter
—4.2670 x 107 (—8.1664 + 8.6381i) x 10°
—0.6242 x 107 (—8.1664 — 8.6381i) x 10°
poles 7 ; 6
—0.0348 x 10 (—0.3503 + 0.00007) x 10
0 0

Figure 4 shows the design schematic and the circuit board.
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Figure 4. Circuit design: (a) circuit design of the PLL section and (b) the circuit board.

4. Simulation Analysis

This section simulates and analyzes the passive fourth-order RC filter and the passive
fourth-order RLC filter. The filtering performance of the two filters is discussed, including
the roll-off characteristic and zero-pole distribution. Phase noise and capture time are
simulated for the phase-locked loop based on the two filters. The simulation results
are analyzed.

4.1. Filter Performance Analysis

The transfer functions of the two filters and their zero-pole point distributions are as
follows:

F(s)

14 Rq1Cys
= 7
R3R2C4C3R1C253 + (R2C3R1C2 + RyC4R1Cy + R3C4R1Cy + R3R2C4C3)S2 + (R1C2 + RyC3 + RyCy + R3C4)S +1 @)
B 1+ R1Cys (®)
a C1R{L1Cys3 + (C1L1 4+ L1Co + C1R1R2C2)82 + (C1Ry + RoCo + R1Cy)s + 1

The filter’s performance significantly depends on its zero-pole point distribution. In
Table 3, the zero-pole point distributions of both filters indicate that the poles are placed
in the left half-plane, demonstrating that both are stable systems. However, one pole of
the passive fourth-order RC filter is closer to the imaginary axis than the passive fourth-
order RLC filter. Thus, its decay time is relatively longer, leading to a slower transient
response and degrading system performance [19]. The poles are determined only by the
filter topology. The imaginary part of the poles corresponds to sinusoidal oscillations. The
larger the value of the imaginary part, the higher the oscillation frequency, which means
the more violent the oscillation. Accordingly, the superiority of the passive fourth-order
RLC filter to the passive fourth-order RC filter is demonstrated.
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Table 3. Zero-pole location distributions of the two filters.
Passive Fourth-Order RC Passive Fourth-Order RLC
Filter Filter
Zeros —3.4722 x 10° —34722 x 10°
—4.2670 x 107 —8.1664 x 10° 4 8.6381 x 100i
poles —0.6242 x 107 —8.1664 x 10° — 8.6381 x 100i
—0.0348 x 107 —0.3503 x 10°

In practice, the filter’s amplitude—frequency characteristic curve cannot reach the
rectangular shape in the ideal case. Therefore, the roll-off characteristic can be defined to
measure the ideal degree of a filter, determining the transition zone between the passband
and the stopband and the verticality degree of this transition zone, that is, the approxima-
tion degree of the rectangular response. As shown in Figure 5, the roll-off values of the
passive fourth-order RC and RLC filters are 34.62 dB/decade and 39.95 dB/decade, respec-
tively. The roll-off characteristic of the passive fourth-order RLC filter is more significant
than that of the passive fourth-order RC filter, demonstrating the better filtering effect of
the former.

Amplitude Frequency Characteristic
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Figure 5. Amplitude-frequency response characteristic curve.

4.2. Phase Noise Analysis

Phase noise is the power per unit bandwidth (Pssg) to the total signal power (Ps),
deviating from the carrier frequency f;; within a specific range. Its unit is dBc/Hz and can
be described as follows:

L(fy) = D358 ©)

According to Figure 1, ¢rer, ¢prp, ¢LPE, $vco, and ¢y describe the noise introduced
by the reference signal, the phase detector, the loop filter, the voltage-controlled oscillator,
and the programmable N divider, respectively. Let Srer, Sprp, Srpr, Svco, and Sy denote
the corresponding component’s phase noise power spectral density. Stor is the total phase
noise of the system. The phase noise introduced by the loop filter is negligible. When the
loop is locked, and since the system is linear time-invariant [20,21], the following relation
can be obtained by the superposition principle:
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G(s) 2 1\? G(s) 2 1 2
— 2 2. 2 (=) . 2 .
Stor = (Sker + %) {1+G(S)H(S):| 9o <I<d> {1+G(S)H(s) T 5veo’ | 15 G5y H(s) {10)
Figure 6 shows the input noise introduced by each part of the loop and the total output
phase noise.

Phase noise

[

Frequency offset
Figure 6. Single-loop PLL phase noise model.

The phase noise introduced by the reference source, the phase detector, and the
frequency divider is low-pass. This is the primary factor influencing the total phase
noise in the loop bandwidth. Moreover, the phase noise caused by the VCO is high-pass,
mainly affecting the out-of-band phase noise [22]. The in-band output signal’s phase noise
is presented in (11), where PNgynTy is the normalized noise ground of the PD, and N
describes the frequency division ratio.

PN = PNgynTH + 10 logpr + 20 IOgN (11)

From (11), there are three ways to promote the system’s total phase noise: increasing
the phase detection frequency, reducing the frequency division ratio N, and employing a
phase detector with a small noise ground. ADIsimPLL can simulate the output signal’s
phase noise, loop capture time, and other simulation results. The phase noise simulation
results are shown in Figure 7.

Since the phase noise of the frequency synthesizer focuses on the proximal phase
noise, the proximal phase noise is the phase noise in the loop bandwidth. Thus, we mainly
analyze the proximal phase noise of both circuits. From Table 4, it can be seen that the
proximal phase noise of the passive fourth-order RLC filter is superior to that of the passive
fourth-order RC filter. In contrast, the distal phase noise, that is, the phase noise outside
the loop bandwidth is inferior.

Table 4. Phase noise simulation results.

Phase Noise (dBc/Hz)
Loop Circuit Type
1 KHz 10 KHz 100 KHz 1 MHz
passive fourth-order RC filter —113.3 —115.5 —113.4 —140.7

passive fourth-order RLC —113.3 —116.0 —113.9 —138.4
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Figure 7. Phase noise simulation results: (a) passive fourth-order RC filter and (b) passive fourth-
order RLC filter.
4.3. Loop Capture Time Analysis

Equation (12) describes the loop capture time T. It indicates when the loop reaches

the locked state from the starting unlocked state.
_ Daj
b 2w

(12)

where Aw is the capture belt. It refers to the maximum initial frequency difference that can
be locked through the frequency traction loop. wj, is the bandwidth of the loop filter, and ¢
is the system damping coefficient. With a constant damping factor and capture band, the
loop capture time is reduced by reducing the loop bandwidth. Figure 8 shows the loop
capture time of the simulation.



Electronics 2023, 12, 224

9 of 14

1.47

1.46

~
<

Frequency(GHz)
S

=
V)

1.42

1.41

Frequency Locking at 1.426GHz - Passive Fourth-Order RC Filter

Frequency Locking at 1.426GHz - Passive Fourth-Order RLC Filter

1.47
- . 1.46 | .
- . o145+ 1
jast
)
2
- . o144t .
Q
=
&
2
- . =43t
(29.2,1.426) (30.1,1.426)
- . 142+ .
L . . L . . . 1.41 . . . . ) ) .
5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time(us) Time(us)
(a) (b)

Figure 8. Loop capture time simulation results: (a) passive fourth-order RC filter and (b) passive
fourth-order RLC filter.

As can be seen in Table 5, the capture times are the same at about 30 us. That is because
both loops have the same bandwidth [23]. However, this is the ideal case of capturing time.
Due to many external factors, the actual capture time can become larger.

Table 5. Loop capture time simulation results.

Passive Fourth-Order RC Passive Fourth-Order RLC
Filter Filter
loop capture time (us) 29.2 30.1

5. Experimental Results

This section evaluates the frequency synthesizers based on the passive fourth-order
RC and RLC filters. Experiments evaluate the two circuits’ phase noise, loop capture time,
and spur suppression. The test results are analyzed for comparison.

5.1. Phase Noise Test

The instrumentation adopts the E4440A spectrometer from Keysight and the MSO64B
oscilloscope from Tektronix. The passive fourth-order RC filter and the passive fourth-order
RLC filter are chosen as the loop filter. The phase noise of a signal is evaluated with an
output frequency of 1426 MHz.

Figure 9 presents the output signal’s frequency spectrum. The output signal power is
5.36 dBm, which is lower than the typical output value of 6 dBm due to some attenuations
caused by the test cable and the instrument.

The experimental phase noise is shown in Figure 10. Compared with the passive
fourth-order RC filter, the passive fourth-order RLC filter has better phase noise proximal to
the useful signal, and its surrounding noise is weaker. Therefore, the passive fourth-order
RLC filter has a better filtering effect. The experimental results correspond to the theoretical
derivation and simulation results. The output phase noise of the passive fourth-order RLC
filter reaches —105.59 dBc@1 KHz. Due to the superposition of external noise, such as
circuit and instrumentation, the experimental result deviates from the simulation result
(below 8 dB). In addition, there is a curve bump at the distal of the signal due to the
high-pass noise from the chip’s internal VCO.
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Figure 10. Output signal phase noise: (a) passive fourth-order RC filter and (b) passive fourth-order
RLC filter.

The phase noise of the designed frequency synthesizer can reach —93.84 dBc/Hz@1
KHz, —82.56 dBc/Hz@1 KHz, 87.27 dBc/Hz@1 KHz, and —86.5 dBc/Hz@1 KHz using an
active second-order filter in [24], an active third-order filter in [25], a passive third-order
filter in [11], and a third-order microstrip filter in [26], respectively. As shown in Table 6,
and since the phase noise of the frequency synthesizer in this design is superior to the
mentioned references, this design has low phase noise performance.

Table 6. Comparison of phase noises of different filters.

Phase Noise (dBc/Hz)

Loop Circuit Type
1 KHz 10 KHz 100 KHz 1 MHz
passive fourth-order RC filter —98.25 —103.49 —101.82 —138.59
passive fourth-order RLC filter —105.59 —103.66 —104.84 -130.27
active second-order filter [24] —93.84 —95.23 —-92.07 \
active third-order filter [25] —82.56 —93.34 —99.77 —96.79
passive third-order filter [11] —87.27 —90.27 —93.26 —-112.97

third-order microstrip filter [26] —86.5 -85 —87 -115
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5.2. Loop Capture Time Test

The loop capture times of the loop output signal of both loop filters are evaluated with
an output frequency of 1426 MHz. From Table 7, it can be seen that the capture times of
the two filter circuits are equal, about 94 us. This is because the filter types are similar, and
the loop bandwidths are the same at 160 kHz. The loop capture time indicates when the
loop reaches the locked state from the starting unlocked state. The tested trigger level is
the level falling edge trigger after completely writing the MCU program to the PLL.

Table 7. Comparison of loop capture times of different filters.

Loop Circuit Type Loop Capture Time
passive fourth-order RC filter 93.69 us
passive fourth-order RLC filter 94.02 us
active second-order filter [24] 2.5ms
active second-order filter [27] 14.4 ms

The loop capture time of the designed frequency synthesizer can reach 2.5 ms and
14.4 ms using active second-order filters in [24,27], respectively. As shown in Table 7, and
since the loop capture time of the frequency synthesizer in this design is superior to the
mentioned references, this design has better loop capture performance.

5.3. Spur Suppression Test

Spurs are unwanted periodic components of the spectrum. Spurs can reduce the
signal-to-noise ratio of a wireless communication system and increase signal jitter [28].
For both the passive fourth-order RC and RLC filters, the spur suppression of a signal is
evaluated with an output frequency of 1426 MHz. The experimental spur suppression
results are shown in Figure 11.

Since the output frequency is not an integer multiple of the reference frequency, the
fractional-N frequency synthesizer necessarily outputs spurious signals [28]. The division
ratio modulated by the frequency divider causes the quantization noise. The spectrum of
its quantization error causes noise and spuriousness in the corresponding position of its
spectrum. In addition to the above spuriousness, reference frequencies appear as spurious
signals in the spectrum. As shown in Figure 11, the spurious signals are mainly at 50 MHz,
100 MHz, and 150 MHz. From the experimental data, the passive fourth-order RLC filter is
superior to the passive fourth-order RC filter in spur suppression. The spurious signals are
all frequency interferences from the reference source. Spur suppression is nearly 70 dB and
90 dB for the proximal and distal phase noise, respectively.

The spur suppression of the designed frequency synthesizer is more significant than
47.04 dBc/Hz in [25], 58 dBc/Hz in [11], and 45 dBc/Hz in [26]. As shown in Table 8, the
spur suppression of the frequency synthesizer in this design is superior to the mentioned
references. Therefore, this frequency synthesizer provides good suppression of spurious
signals.

Table 8. Comparison of spur suppressions of different filters.

Spur Suppression (dBc/Hz)

Loop Circuit Type
50 MHz 100 MHz 150 MHz
passive fourth-order RC filter —69.48 —73.35 —85.92
passive fourth-order RLC —69.80 —73.89 —87.12
active second-order filter [25] <—47.04
passive third-order filter [11] <—58

third-order microstrip filter [26] <—45
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Figure 11. Spur suppression: (a—c) passive fourth-order RC filter and (d—f) passive fourth-order
RLC filter.
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6. Experimental Conclusions

This article designed a frequency synthesizer with low phase noise and low spurious
signals in the L-band using the HMC830 chip. The SPI protocol communicates between the
MCU and the PLL. The voltage conversion chip provides the voltage to the PLL chip. The
phase noise of the test output signal can reach —105.59 dBc@1 KHz. The proximity spur
suppression is up to 70 dB. The loop lock time is as short as 94 us. This frequency synthesizer
provides a high-quality output signal, which can be employed as the local oscillation
signal source of the RF receiving front end, fully meeting the wireless communication
requirements. Due to the importance of the loop filter in the performance of the frequency
synthesizer, different filter types with different loop bandwidths can affect the output
signal quality. Thus, a passive fourth-order RLC loop filter is proposed to improve output
signal quality. This loop filter is compared with the passive fourth-order RC loop filter. By
analyzing the transfer functions of the two filters and the zero-pole distribution, observing
the simulation and experimental results, and analyzing the output signal parameters, such
as phase noise, capture time, and spur suppression, it can be concluded that the output
signal quality of the frequency synthesizer of the passive fourth-order RLC filter is better
than that of the passive fourth-order RC loop filter.

Author Contributions: Conceptualization, X.Z., Q.D., YM. and ]J.L.; methodology, X.Z. and Q.D.;
software, X.Z.; validation, X.Z., C.L., H.Z. and Y.L.; investigation, X.Z., Q.D. and C.L.; writing—
original draft preparation, X.Z. and Q.D.; writing—review and editing, X.Z., Q.D.,C.L.,, H.Z., YM,,
Y.L. and J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant no.
42074042 and no. 42104032) and the Youth Cross Team Scientific Research Project of the Chinese
Academy of Sciences (grant no. JCTD-2021-10).



Electronics 2023, 12, 224 13 of 14

Data Availability Statement: https:/ /www.scidb.cn/en/s/fqEVze.

Acknowledgments: Qifei Du, Cheng Liu, and Zhihui Lv are gratefully acknowledged for their
fruitful comments and helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bagheri, M,; Li, X. An ultra-low power and low jitter frequency synthesizer for 5G wireless communication and IoE applications.
Int. ]. Circuit Theory Appl. 2022, 50, 1021-1047.

2. Abbas, W.; Mehmood, Z.; Seo, M. A V-Band Phase-Locked Loop with a Novel Phase-Frequency Detector in 65 nm CMOS.
Electronics 2020, 9, 1502. [CrossRef]

3. Chenakin, A. Frequency synthesis: Current status and future projections. Microw. J. 2017, 60, 22-36.

4. Zhao, Y.; Chen, Z; Liu, Z.; Li, X.; Wang, X. A 4.1 GHz-9.2 GHz Programmable Frequency Divider for Ka Band PLL Frequency
Synthesizer. Electronics 2020, 9, 1773. [CrossRef]

5. Yang, D.Y; Xu, J.; Du, H. A High Performance Frequency Synthesis Method Based on PLL and DDS. In Proceedings of thel3th
International Conference on Microwave and Millimeter Wave Technology ICMMT), Electr Network, Shanghai, China, 20-23
December 2020.

6. Skolota, V.A,; Belova, I.A.; Martinovich, M.V. Development Synthesizer of Stable High-Frequency Signal. In Proceedings of the
17th International Conference of Young Specialists on Micro/Nanotechnologies and Electron Devices (EDM), Erlagol, Russia,
30 June—4 July 2016.

7. Chenakin, A.V,; Kochemasov, V.N.; Pestryakov, A.V. Current state and development trends of microwave frequency synthesizers.
In Proceedings of the Systems of Signal Synchronization, Generating and Processing in Telecommunications (SYNCHROINFO),
Belarusian State Academy of Communications, Minsk, Belarus, 4-5 July 2018.

8. Hsieh, K.-P; Lin, Y.-T.; Lu, Y.-C.; Chen, Y.-].E. A Fast-Settling Frequency Synthesizer Using Statistical Frequency Measurement
Method. IEEE Trans. Instrum. Meas. 2022, 71, 2004109. [CrossRef]

9.  Dai, X.D.; Zhan, M.; Yan, B. Design of A DDS Based Frequency Synthesizer. In Proceedings of the IEEE International Conference
on Communication Problem-Solving (ICCP), Guilin, China, 16-18 October 2015.

10. Romashov, V.V,; Romashova, L.V.; Khramov, K.K.; Yakimenko, K.A. The use of images of DDS in the hybrid frequency synthesizers.
In Proceedings of the 24th International Crimean Conference Microwave & Telecommunication Technology (CriMiCo), Sevastopol,
Ukraine, 7-13 September 2014.

11.  Kuai, L.; Hong, W.; Chen, J.; Zhou, H. A Frequency Synthesizer for LO in Millimeter-wave 5G Massive MIMO System. In
Proceedings of the IEEE Asia-Pacific Microwave Conference (APMC), Singapore, 10-13 December 2019.

12.  Golestan, S.; Guerrero, ].M.; Musavi, F.; Vasquez, J.C. Single-phase frequency-locked loops: A comprehensive review. IEEE Trans.
Power Electron. 2019, 34, 11791-11812. [CrossRef]

13.  Romashov, V.V,; Yakimenko, K.A.; Romashova, L.V.; Doktorov, A.N. Algorithm for designing low-noise frequency synthesizers
for remote sensing systems. J. Phys. Conf. Ser. 2020, 1632, 012017. [CrossRef]

14. Magerramov, R. A Mathematical Model of ADC Based on a Phase-Locked Loop System Using Transfer Functions. In Proceedings
of the IEEE Conference of Russian Young Researchers in Electrical and Electronic Engineering (EIConRus), Saint Petersburg
Electrotechnical University, Moscow, Russia, 2629 January 2021.

15. Dabhi, R.A.; Nagpara, B.H. 2 GHz PLL Frequency Synthesizer for ZigBee Applications. Int. |. Innov. Reseach Comput. Comun. Eng.
2014, 2, 4006-4014.

16. Yang, D.; Murphy, D.; Darabi, H.; Behzad, A.; Abidi, A.A.; Au, S.C.; Mundlapudi, S.R.; Shi, K.; Leng, W. A Harmonic-Mixing PLL
Architecture for Millimeter-Wave Application. IEEE ]. Solid-State Circuits 2022, 57, 3552-3566. [CrossRef]

17. Beiraghdar, F,; Rad, A.G.; Sheikhaei, S.; Tohidian, M. A fast settling frequency synthesizer with switched-bandwidth loop filter.
Int. ]. Circuit Theory Appl. 2021, 49, 2021-2031. [CrossRef]

18. Beleca, V,; Plesa, C.-S.; Onet, R.; Neag, M. A novel approach to the stability analysis of conditionally stable circuits. In Proceedings
of the 44th International Semiconductor Conference (CAS), Electr Network, Bucharest, Romania, 6-8 October 2021.

19. Jo,J; Kim, D.; Hejazi, A.; Pu, Y.; Jung, Y.; Huh, H.; Kim, S.; Yoo, ].-M.; Lee, K.-Y. Low Phase-Noise, 2.4 and 5.8 GHz Dual-Band
Frequency Synthesizer with Class-C VCO and Bias-Controlled Charge Pump for RF Wireless Charging System in 180 nm CMOS
Process. Electronics 2022, 11, 1118. [CrossRef]

20. Brambilla, A.; Linaro, D.; Storace, M. Nonlinear behavioural model of charge pump PLLs. Int. ]. Circuit Theory Appl. 2013, 41,
1027-1046. [CrossRef]

21. Siriburanon, T.; Liu, H.; Nakata, K.; Deng, W.; Son, ]. H.; Lee, D.Y.; Okada, K. A 28-GHz fractional-N frequency synthesizer with
reference and frequency doublers for 5G cellular. In Proceedings of the ESSCIRC Conference 2015—41st European Solid-State
Circuits Conference (ESSCIRC), Graz, Austria, 14-18 September 2015.

22. Niu, X,; Wu, X;; Li, L.; He, L.; Cheng, D.; Wang, D. A 48 GHz Fundamental Frequency PLL with Quadrature Clock Generation for
60 GHz Transceiver. Electronics 2022, 11, 415. [CrossRef]

23. Li, P; Tian, T.; Wu, B.; Ye, T. A Novel Self-Biased Phase-Locked Loop Scheme for WLAN Applications. Electronics 2021, 10, 2077.

[CrossRef]


https://www.scidb.cn/en/s/fqEVze
http://doi.org/10.3390/electronics9091502
http://doi.org/10.3390/electronics9111773
http://doi.org/10.1109/TIM.2022.3196727
http://doi.org/10.1109/TPEL.2019.2910247
http://doi.org/10.1088/1742-6596/1632/1/012017
http://doi.org/10.1109/JSSC.2022.3209614
http://doi.org/10.1002/cta.2993
http://doi.org/10.3390/electronics11071118
http://doi.org/10.1002/cta.1813
http://doi.org/10.3390/electronics11030415
http://doi.org/10.3390/electronics10172077

Electronics 2023, 12, 224 14 of 14

24.

25.

26.

27.

28.

Sun, J.; Du, Q.; Sun, Y.; Liu, C. Research on phase-locked loop frequency synthesis circuit based on PE3236 chip. Electron. Des.
Eng. 2017, 25, 74-78.

Pandit, VK.; Ingale, D.V,; Basu, S. Design and implementation of PLL frequency synthesizer using PE3336 IC for IRS applications.
Electr. Electron. Eng. 2014, 3, 31-41.

Huang, T.; OuYang, H.; Shao, Z.; Chen, Z. Frequency-Agile and High-Frequency-Resolution Frequency Synthesizer for Ka-Band
Applications. |. Microw. 2018, 34, 65-70.

Zhao, X. Simulation Analysis and Design Implementation of Phase-Locked Frequency Synthesis Circuit. Master’s Thesis,
University of Chinese Academy of Sciences, Beijing, China, 2015.

Kennedy, M.P,; Mazzaro, V.; Mai, D. Nonlinearity-Induced Spurs in Fractional-N Frequency Synthesizers. IEEE Trans. Circuits
Syst. I Express Briefs 2022, 69, 2617-2622. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/TCSII.2022.3169224

	Introduction 
	PLL Principle and Chip Introduction 
	Basic Principle of PLL 
	Introduction of Loop Filter 
	Introduction of the HMC830 Chip 

	Scheme Design 
	Simulation Analysis 
	Filter Performance Analysis 
	Phase Noise Analysis 
	Loop Capture Time Analysis 

	Experimental Results 
	Phase Noise Test 
	Loop Capture Time Test 
	Spur Suppression Test 

	Experimental Conclusions 
	References

