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A B S T R A C T

This work presents a 24 GHz integrated Phase-Locked Loop in a 60 GHz sliding-IF transceiver for IEEE 802.15.3c
standard with low phase noise. For low phase noise, a varactor and MOM cap combination method is applied in
this 24 GHz PLL. The capacitor bank is optimized to decrease the noise folding from circuit noise to phase noise
within this method. This analog PLL is fabricated in a 65 nm CMOS technology with a phase noise of �98.8 dBc/
Hz@1 MHz, and the reference spur is �62.4 dBc. The power consumption of the PLL is 45.6 mW, including the
output buffer.
1. Introduction

Typical applications in the 60 GHz ISM band, such as wireless high-
definition video streaming, require a quality reference signal to avoid
the receiver sensitivity degradation [1] and improve transmitter signal
quality. IEEE 802.15.3c is a high-data-rate communication standard
using a 60 GHz ISM band (57–64 GHz). It could provide at least 2 Gbit/s
data rate within the range of 10 m. IEEE 802.15.3c supports new
multimedia applications such as in-door VR andWPAN, extending the 5G
communication for indoor applications with this data rate. However, the
frequency synthesizer's power consumption and phase noise are critical
for an IEEE 802.15.3.c 60 GHz transceiver due to its direct relationship to
communication data-rate and battery consumption rate.

Conventional compound semiconductors such as gallium arsenide
(GaAs) and indium phosphide (InP) are costly, bulky, low yield, and
high-power consumption, which are not suitable for the consumer elec-
tronic market [2,3]. SiGe BiCMOS technology-based PLL has high
power-consumption and limited digital processing capability [4–6].
Compared with other technologies, CMOS technology-based PLL has an
advantage in higher system integration, lower cost, and higher yield.

In a super-heterodyne or direct-conversion architecture based trans-
ceiver, the problem of the image is an important issue. For example, a
super-heterodyne transceiver has to deal with image and mixing spurs,
whereas a direct-conversion transceiver suffers from even-order
Technology, 5600 MB, Eindhove

m 21 April 2021; Accepted 5 Ma

evier Ltd. This is an open access
distortion and flicker noise. The image problem arises when there is
another signal in an adjacent channel such that the LO frequency is
halfway from the required signal and the image. An image-reject filter is
a method to overcome this problem. However, it suffers from a trade-off
between image rejection and channel selection. In an image-rejection
architecture, the image can be suppressed without filtering. Therefore,
the trade-off between image-rejection and channel selection can be
avoided. This trade-off could be avoided by image-rejection architecture
with I/Q signals generated by an analog PLL.

This paper presents a 24 GHz phase-locked loop (PLL) with an I/Q
reference signal for a 60 GHz sliding-IF transceiver. Sliding-IF architec-
ture is a heterodyne architecture, where the RFLO and IFLO frequencies
can be generated from the same synthesizer [4]. And it can achieve low
power consumption and offering ease of configurability [7].

The paper is organized as the following. Section II presents the pro-
posed system architecture. The detailed circuit of the proposed PLL is
discussed in Section III. The measurement results are shown in Section
IV, with comparison to other state-of-arts. Finally, the conclusions are
drawn in Section V.

2. System architecture

For an IEEE 802.15.3c transceiver, sliding-IF architecture with I/Q
reference signal has the advantage of image signal suppression [4]. In
n, the Netherlands.
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Fig. 1. Simplified system diagram of a 60 GHz sliding-IF transceiver for
IEEE 802.15.3c.
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Fig. 2. Simplified diagram of the proposed 24 GHz PLL. It is composed of VCO,
output buffer, frequency divide-by-2 (FD), programmable frequency divider,
PFD, CP, and passive loop filter.

Fig. 3. Schematic of the proposed voltage-controlled oscillator with varactor
and switched capacitor array.
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this structure, a radio frequency local-oscillator (RFLO) signal and a pair
of in-phase/quadrature intermediate frequency local oscillator (I/Q
IFLO) signals are required down and upconversion. The fRFLO is M times
the frequency of fIFLO. While the carrier frequency, fc, is located at the
sum of the frequency fRFLO and fIFLO. The factor number M is between 2
and 4 [4,8–11].

Fig. 1 presents a simplified diagram of the sliding-IF transceiver in
2

this work. In this design, the system parameterM is 4. Therefore a 48 GHz
RFLO signal and a pair of 12 GHz I/Q IFLO signals are required in this
system architecture. In this transceiver architecture, two-mixing stages
are required. The receiver part is composed of an LNA with two down-
mixing stages, and the transmitter part is composed of a PA with two
up-mixing stages. The two mixing stages are driven by a 48 GHz RFLO
and a 12 GHz I/Q IFLO. The frequency synthesizer provides a local
reference signal at 24 GHz. The 48 GHz RFLO signal is generated with a
frequency doubler through this local reference signal, and the 12 GHz I/
Q IFLO is generated with an I/Q frequency divider.

The topology of this 24 GHz frequency synthesizer is shown in Fig. 2.
The PLL is composed of a voltage-controlled oscillator (VCO), an output
buffer, a frequency divide-by-2 (FD), a programmable frequency divider,
a phase/frequency detector (PFD), a charge pump (CP), and a passive
loop filter. The programmable frequency divider is composed of an 8/9
dual-modulus prescaler (DMP), a 4-bit P-counter, and a 3-bit S counter.
The frequency divider ratio N is expressed as N ¼ 2(8P þ S). P is set from
13 to 16, and S is set from 0 to 7. Since there is a frequency divide-by-2 in
the loop, the divide ratio N can vary from 208 to 270 in a step of 2. The
reference frequency is 108 MHz, and the output frequency step is 216
MHz, accordingly.

3. Phase-lock loop circuit design

3.1. Voltage-controlled oscillator

A complementary cross-coupled VCO is used in this proposed 24 GHz
PLL. Compared with NMOS-only or PMOS-only cross-coupled pair
structure, complementary pair improves the efficiency and lower phase
noise [12]. Larger VCO gain introduces higher amplitude modulation to
frequency modulation noise and degrades the phase noise performance.
Therefore, to solve this problem and covering the required range of the
VCO considering Process, Voltage, and Temperature (PVT) variations, a
capacitor array using Metal-Oxide-Metal (MOM) capacitors is provided.
MOM capacitors offer less area due to higher density, less temperature
variation, and high-quality factor compared to MOS capacitors. The
schematic of this VCO is shown in Fig. 3. The complementary
cross-coupled pair is composed of PMOS,M1 andM2, and NMOS,M3, and
M4. A symmetric inductor is implemented with the top metal layer with
poly and oxide shielding, and its quality factor is 26. The variable
capacitor array is composed of a varactor and MOM capacitor array. CV1
and CV2 are accumulation MOS variable capacitors. To further reduce the
phase noise and enlarge the frequency tuning range [13], a 3-bit
controlled switched capacitor array with MOM capacitors is used.
C3-C8 are MOM capacitors, M7-M9 are NMOS switches. In this switched
capacitor array, the quality factor of theMOM capacitor is 25. The quality
factor degradation is mainly from the switch at 24 GHz. In this



Fig. 4. Capacitance value and Q-factor of the 3-bit switched capacitor array.
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Fig. 5. Schematic of cascade buffer with its source-drain merged compact
cascade layout.

Fig. 7. Die micrograph of this 24 GHz synthesizer chip in a 65 nm CMOS
technology, the size of the die is 1300 μm � 980 μm.

Y. Liu et al. Microelectronics Journal 113 (2021) 105106
combination, the capacitance of the capacitor array varies from 16.3 fF to
f
f

fIN+
fIN

Fig. 6. Simplified diagram of the divider chain. It is composed of a 24 GHz CML
composed of 2 CML latch.
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78.8 fF, and the quality factor is higher than 9 at 24 GHz, as is shown in
Fig. 4.

3.2. High-frequency buffer

To avoid phase noise degradation and to improve VCO isolation. A
high-frequency buffer is added. This buffer uses a single-stage cascade
structure and source-drain merged NMOS transistors. Fig. 5 shows the
schematic of the buffer. A center-tapped differential inductor is applied
to achieve a compact layout. Fig. 5 also presents the schematic and layout
of the source-drain merged cascade NMOS transistors. In this layout, the
M1 andM2 are the cascade NMOS transistors. A is the drain, and B1 is the
source of M1. B2 is the drain, and C is the source of M3. In this layout, B1
and B2 could be merged into B, so that the layout design is compact,
parasitic capacitors at the merged node is decreased to 1/3, and the
insertion loss caused by the connecting-wires is also avoided.

3.3. Divider chain

Fig. 6 shows the divider chain is composed of the divider-by-2 high-
speed CML frequency divider and the programmable frequency divider.
The total divider ratio is 208–270. The CML divider is composed of a
master latch and a slave latch. Its self-oscillation frequency is optimized
at half of the input frequency. In this way, the sensitivity and power
consumption are improved [14]. In the latch, the gm transistor (M3, M4)
and the latch transistor (M5, M6) are optimized separated for the current
efficiency and the speed separately. The tail current (M1,M2) is optimized
to improve gm/ID efficiency and reduce its noise contribution. The
MC

fOUT
RST

divider-by-2, an 8/9 DMP, P-Counter and S-Counter. The CML divider-by-2 is



Fig. 8. Measurement setup and its real-time photograph.

Fig. 9. Spectrum of free-running VCO in case of: (a) C2C1C0 ¼ 000, VTUNE ¼ 0 V; (b) C2C1C0 ¼ 111, VTUNE ¼ 1.2 V.
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programmable frequency divider is composed of 8/9 DMP, 4-bit
P-counter and 3-bit S counter. The 8/9 DMP is composed of a 4/5 syn-
chronous dual-modulus frequency divider and an asynchronous
divide-by-2 frequency divider. The 4/5 synchronous dual-modulus fre-
quency divider consists of three differential CML D-flip-flops (DFF) and 2
NOR gates for modulus selection [15,16]. The asynchronous divide-by-2
frequency divider adopts the topology of the true single-phase clock
(TSPC). Compared with the CML structure, TSPC DFF uses single-ended
input, has lower power consumption, and takes a smaller chip area.
But the operation speed of TSPC is also slower than CML. In the proposed
Fig. 10. Free-running VCO (a) Output frequency and (b) pha

4

8/9 DMP, the input frequency of asynchronous divide-by-2 is about 3
GHz, capable of TSPC DFF.

4. Measurement results

This 24 GHz frequency synthesizer chip is fabricated in a 65 nm
CMOS technology. The die micrograph of this 24 GHz synthesizer chip is
shown in Fig. 7. It is composed of VCO, frequency divider, CP, PFD, and
Loop filter. The die of the proposed PLL, including bond-pads, is 1.3 �
0.98 mm2.
se noise @1 MHz curve, versus tuning voltage (VTUNE).



Fig. 11. Measured phase noise curve in case of: P1P0S2 ¼ 010, centre frequency 24.192 GHz.

Fig. 12. Spectrum screenshot of proposed PLL in case of: P1P0S2 ¼ 010, centre frequency 24.192 GHz. (a) SPAN ¼ 10 MHz; (b) SPAN ¼ 300 MHz.

Fig. 13. Spectrum screenshot of proposed PLL in case of: P1P0S2 ¼ 100, centre frequency 25.92 GHz. (a) SPAN ¼ 10 MHz; (b) SPAN ¼ 300 MHz.
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Fig. 14. Measured phase noise and reference spur curve of proposed PLL.

Table 1
Performance Summary and Comparison to other State-of-Arts.

REF [17] [18] [19] Proposed PLL

Process 90 nm CMOS 65 nm
CMOS

45 nm
CMOS

65 nm CMOS

Locking-Range
(GHz)

27.776~30.752 35~41.88 57–66 23.328~25.92

Ref. Freq. (MHz) 62 36 100 108
Freq. step (MHz) 992 1440 400 216
Phase noise @1
MHz (dBc/Hz)

�93.5 �95 �75 �98.8

Ref. spur (dBc) �55.8 �50 �42 �62.4
Power (mW) 112 80 78 45.6

Y. Liu et al. Microelectronics Journal 113 (2021) 105106
The measurement system illustration is shown in Fig. 8. The PLL chip
is bonded to a PCB substrate. The key modules of the proposed PLL are
supplied by separated power source, and external LDO chips are applied
during measurements. Agilent E8257D signal generator is used to pro-
vide the reference signal, Agilent E4448A spectrum analyzer is used to
measure the output frequency, phase noise, and reference spur. The
photograph of the bonded PLL chip and the measurement system setup is
presented in Fig. 8 as well.

The measured free-running spectrum of the VCO is shown in Fig. 9.
When [C2C1C0] is set to [000] and VTUNE is set to 0 V, the VCO's output
frequency is 22.85 GHz, and the phase noise at 1 MHz offset is �104.8
dBc/Hz. When [C2C1C0] is set to [111] and VTUNE is set to 1.2 V, the
VCO's output frequency is 26.1 GHz, and the phase noise at 1 MHz offset
is �97.5 dBc/Hz.

The output frequency and phase noise curve of free-running VCO is
shown in Fig. 10. The output frequency ranges from 22.85 GHz to 26.1
GHz, the maximum phase noise at 1 MHz offset is �97.5 dBc/Hz.

The measured phase noise curve in the case of P1P0S2 ¼ 010 is shown
in Fig. 11, and the measured phase-locked spectrum in the same condi-
tion is shown in Fig. 12. The output frequency is 24.192 GHz, the phase
noise is about �98.8 dBc/Hz at 1 MHz offset. and the reference spur at
108 MHz is �62.4 dBc. And the phase-locked spectrum in the case of
P1P0S2 ¼ 100 is shown in Fig. 13. The output frequency is 24.192 GHz,
the phase noise is about�95.6 dBc/Hz at 1 MHz offset, and the reference
spur at 108 MHz is �54.3 dBc. The measured phase noise and reference
spur curve of the proposed PLL is shown in Fig. 14. The locking-range of
the PLL is 23.328 GHz–25.92 GHz. The PLL provides its lowest phase
noise and reference spur at 24.192 GHz. This PLL chip consumes 45.6
mW from a 1.2 V power supply, including the output buffer.

The performance summary of this PLL and comparison to other state-
of-art CMOS millimeter-wave PLLs [17–19] are listed in Table 1.
6

Compared to other designs, the proposed PLL provides the best reference
spur, low phase noise, and did not increase power consumption.

5. Conclusion

In this paper, a 24 GHz full-integrated PLL chip for 60 GHz sliding-IF
transceiver is presented. The proposed PLL is designed and fabricated in a
65 nm CMOS technology, and the chip size is 1.3 � 0.98 mm2. In this
work, a complementary cross-coupled VCO integrated with varactor and
switched MiM-capacitor array is adopted. In this method, the PLL ach-
ieves a wide tuning range, low phase noise, and keep low power con-
sumption. The locking range of the PLL is 23.328–25.92 GHz. The
measured phase noise of 24.192 GHz output is about �98.8 dBc/Hz at 1
MHz offset, and the reference spur is �62.4 dBc. The PLL consumes 45.6
mW from a 1.2 V supply. Compared to other state-of-arts, this work
provides the best reference spur with low phase noise.
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