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Abstract

:

This paper realized a charge pump phase locked loop (CPPLL) frequency source circuit based on 0.15 μm Win GaAs pHEMT process. In this paper, an improved fully differential edge-triggered frequency discriminator (PFD) and an improved differential structure charge pump (CP) are proposed respectively. In addition, a low noise voltage-controlled oscillator (VCO) and a static 64:1 frequency divider is realized. Finally, the phase locked loop (PLL) is realized by cascading each module. Measurement results show that the output signal frequency of the proposed CPPLL is 3.584 GHz–4.021 GHz, the phase noise at the frequency offset of 1 MHz is −117.82 dBc/Hz, and the maximum output power is 4.34 dBm. The chip area is 2701 μm × 3381 μm, and the power consumption is 181 mw.
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1. Introduction


With the continuous development of integrated circuit technology, phase-locked loop (PLL) frequency source technology is widely used in various sensors, such as for high-accuracy clock generators for image sensors [1,2,3,4]. In the recent years, high accuracy sensors that have been extensively studied, especially for implantable medical sensors and high accuracy image sensors, require low power consumption, high output power, and low phase noise [5]. As the key module of sensors, the performance of the PLL deter-mines the performance of the sensor to a certain extent. Charge pump phase-locked loop (CPPLL) is a representative structure of PLL because of its low phase noise, variational phase difference, and high-frequency operation [6,7,8].



Numerous research results of CPPLL have been published, such as [9,10,11,12,13,14]. In [11], a CPPLL is realized using a 65 nm Si CMOS process. The proposed CPPLL employs a novel ultralow-voltage charge pump. The operating frequency of the proposed CPPLL is 0.09 GHz–0.35 GHz, the phase noise is −90 dBc/Hz at the frequency offset at 1 MHz, and the circuit consumes about 0.109 mW. In [9], a PLL based on GaAs pHEMT is proposed. The proposed PLL is optimized with a combination of several circuit techniques to reduce phase noise and increase the operation speed. The operating frequency of the proposed PLL is about 37 GHz, the phase noise is −98 dBc/Hz at a frequency offset of 1 MHz, and the circuit consumes about 480 mW. It can be seen from the above references that GaAs pHEMT has the characteristics of high gain, excellent power characteristics, and low noise [15,16,17]. The GaAs pHEMT process can be used to achieve low noise, higher output power PLL, but circuits based on the GaAs pHEMT process introduce a large power consumption while achieving higher frequencies, and there are many difficulties in designing CPPLLs based on the GaAs pHEMT process. In addition, the design of the CPPLL needs to compromise in terms of performance issues, such as phase noise, power consumption, area, and process. Therefore, this paper proposes an improved structure CPPLL based on a 0.15 µm GaAs pHEMT process. The proposed structure achieves a low phase noise and a high output power. The tradeoff between the area and power consumption has also been obtained.




2. Design of CPPLL


The block diagram of the proposed CPPLL is presented in Figure 1. It consists of a SCL structure phase frequency detector (PFD), a charge pump (CP), a second order loop filter, a voltage-controlled oscillator (VCO), and a static 64:1 frequency divider (FD). Descriptions of the individual building blocks follow.



2.1. Phase Frequency Detector (PFD)


The phase frequency detector (PFD) can make the frequency of the reference signal and the frequency of the feedback signal of the FD equal, and can eliminate the phase difference between the two [18]. The structure of the PFD is shown in Figure 2, which consists of two D flip-flops (DFF) and one NAND reset circuit. The advantages of the PDF based on DFF structure are that it has a simple structure and low power consumption, and the theoretical phase detection range is very wide ([−2π, 2π]), which can an solve the problem of the phase detection dead zone in PFD.



The PFD adopts a low-threshold voltage depletion transistor, which can still detect the phase under low voltage conditions without using a delay unit to reduce the dead zone and increase the phase discrimination range. However, it also introduces the problem of logic errors when the latch is in the holding state. The level conversion circuit is used to pull down the level value of the feedback path, and under the condition of a low threshold voltage, the logic of the maintenance module is correct. Ref and RefN are reference signals, Div and DivN are differential feedback signals of FD, Ctrlx and CtrlNx are control signals outputted by NAND. If UP and DN are both “1”, NAND though Ctrlx and CtrlNx to make the reset module work, replacing the hold module in the latch, and making UP and DN output “0”. Otherwise, the reset model stops working, and the hold module is determined to work only by the input clock signal. The proposed PFD is based on a simple DFF structure which realized by all N-channel transistors, because the proposed structure does not contain delay units and the all N-channel transistors have lower power consumption, the PFD can realize lower power. Moreover, the maximum operating frequency (fmax) of PFD is related to the reset delay time (treset), the relationship is fmax ≤ 1/2 treset, and the reset delay time of the latch depends on the parasitic capacitance. The parasitic capacitance can be decrease by reducing the size of the transistor, so that to achieve faster speed. In addition, the proposed PFD is a fully differential structure, which can better suppress common mode noise.



In the proposed PFD, V1 = −1 V, V2 = −3 V, R1 = 10 Ohm, R2 = 120 Ohm, R3 = 94 Ohm, and R4 = 1391 Ohm. The simulation results of PFD are shown in Figure 3. The range of phase detector is [−355°, 355°], the power consumption of the core circuit is 5 mW, the dead time is (−5°, 5°), and the maximum operating frequency is 500 MHz. The reset delay time is 1 ns.




2.2. Charge Pump (CP)


The charge pump (CP) is the core module of a PLL, and the bridge of digital signal and analog signal conversion [19]. A compound CP based on traditional structure is difficult to achieve in a steady state. In this paper, an innovative current sink control and leakage protection in steady-state technologies are proposed. The structure of the differential CP with a loop filter is shown in Figure 4.



The proposed CP based on steady-state protection and current sink control technology consisted of four parts, the current sink and current source module, switch module, current sink control module, and leakage protection module. The loop filter is composed of CN and CP. One port is grounded and the other is connected to the input of the buffer modules (P5 and P7, P6 and P8). The leakage protection module is composed of D1 and D2. When the input of CP is “1001”, because IDN1 ≥ IUP1 and IDN2 ≥ IUP2, and the unilateral conduction of D1 and D2, switch modules UPN and DNN are closed, and the current of current source module (IUP1 and IUP2) flow to the current sinks (IDN1 and IDN2). Therefore, leakage protection in the steady-state technique can prevent the leakage behavior of the capacitor in the loop filter for the current sink module. The charge pump can also appear in a steady state when the current source and current sink do not match. The current sink control module is composed of P1~P4. When VC1 increases, the current of IUP2 and the gate voltage (VF1) of IDN1 decreases, and the current of IDN1 increase. When VC2 increases, the current of IUP1 and the gate voltage (VF2) of IDN2 increases, and the current of IDN2 decrease. According to the above analysis, the current sink control module can ensure that the currents of IDN1 and IDN2 change with the currents of IUP1 and IUP2, respectively. The current sink control technique can reduce the requirement of accurate matching between the current sink and current source. As long as the current of the current sink is greater than or equal to that of the current source, which reduces the difficulty of the design and improves the implement ability of the CP, this permits the output control voltage to remain unchanged when the loop is locked, which meets the demand of the CPPLL.



As shown in the Figure 5, the simulation results of the charge pump and loop filter show that the leakage protection module can effectively prevent charge leakage and maintain the control voltage unchanged. The ICN of the charge pump is 5 mA, the static power consumption is 56 mW, and the area is 530 μm × 743 μm.




2.3. Voltage-Controlled Oscillator (VCO)


The voltage-controlled oscillator (VCO) is a circuit in the PLL that produces frequency changes through the voltage control. The phase noise and frequency tuning range are the two most important performance factors of the VCO [20,21]. In this paper, the cross-coupling structure VCO is adopted. The structure of the VCO is shown in Figure 6.



The VCO based on cross-coupling structure is a differential structure, the LC resonant circuit consists of the inductance (L1 and L2), a fixed capacitor (C1 and C2), the gate-drain capacitance of M1 and M2 (Cgd), and a variable capacitor array (Ctune). M1 and M2 provide Gm as negative resistance to compensate for the loss of the LC resonant circuit, which with a common source-amplifier configuration. The resonant circuit can be equivalent to two identical sub-resonant circuits and M1 and M2 provide energy for the two sub-resonant circuits to maintain oscillation through the cross-coupling structure. The differential structure can eliminate the influence of the common mode noise [22,23], and the swing amplitude of the output signal is:


   A  d i f f   =  4 π   I  b i a s    R t   



(1)







The amplitude of the VCO output signal is positively correlated with the tail current of the circuit. According to the Lessen phase noise formula, when other parameters are constant, the larger the amplitude of the output signal, the smaller the phase noise. GaAs pHEMT devices can work at higher voltages and currents. M3, as the tail current source device, can increase the amplitude of the VCO output signal. The size of the capacitor inductor will affect the quality factor of the circuit and the resonant frequency of the VCO. The size of the transistor will affect the output power and power consumption of the VCO. These parameters restrict each other so it is necessary to carefully design the size parameters of each device.



The measurement results of the VCO are shown in Figure 7. The results show that when the control voltage changes from 0 V to 3 V, the tuning range is 0.72 GHz, and the output oscillation frequency is 3.23 to 3.95 GHz. When the control voltage is 2 V, the phase noise of the VCO is −112.78 dBc/Hz at 1 MHz. The power consumption is 81 mW and the area is 1.016 mm × 0.614 mm.




2.4. Frequency Divider (FD)


In general, the signal frequency generated by the self-excited oscillation of the VCO will be relatively high, but the working frequency of the PFD is fairly low. This requires the FD to reduce the high-frequency signal and transfer it to the PFD. This paper presents a low-phase noise static 2:1 FD based on an improved SCL structure. The structure of the static 2:1 FD is shown in Figure 8. The maximum operating frequency of the flip-flop is:


   f  M A X   =  1  2 τ    



(2)







τ is the delay time of the latch. Reducing the size of the transistor can increase the operating frequency of the FD, but it is possible that this will result in the working band not covering the low frequencies. In order to expand the working bandwidth of the FD, it is very important to reasonably design the size of each transistor.



The test results of the FD chip show that when the input signal frequency changes in the frequency range of 0–4.8 GHz. Since the lowest operating frequency of the FD can be close to that of DC, it is possible to achieve a 64:1 FD via direct cascading. The simulation results of FD are shown in Figure 9. The results show that the 64:1 FD can realize the frequency division function in the frequency range of 0–4.8 GHz.





3. Measurement Result and Discussion


The CPPLL was realized based on the Win PL 15-12 GaAs pHEMT process. Prudent symmetrical layout techniques are used to reduce the phase noise. A micrograph of the proposed CPPLL chip is shown in Figure 10a, and the chip area without PAD is 2.7 mm × 3.4 mm. In order to facilitate the test, the CPPLL test board was manufactured and a photo is shown in Figure 10b. The voltage required by the DC PAD is supplied by the low-voltage differential linear regulator LDO.



The test result shows that the operating frequency of the CPPLL is 3.584 to 4.021 GHz, and the bandwidth is about 0.44 GHz. Figure 11a shows the frequency spectrum when the output signal frequency is 3.584 GHz. The reference frequency is 56 MHz and the reference spur is −62 dBc. From the frequency spectrum and spurious signals it can be seen that the proposed CPPLL is locked. Figure 11b shows the phase noise when the output signal frequency is 3.584 GHz. The phase noise at a frequency offset of 100 kHz, 1 MHz, and 10 MHz are −89.25, −117.31, and −137.46 dBc/Hz. Figure 12a shows the frequency spectrum when the output signal frequency is 4.021 GHz. The output signal power is 4.34 dBm, the reference frequency is 62.5 MHz, and the reference spur is −64 dBc; the CPPLL is also locked. Figure 12b shows the phase noise when the output signal frequency is 4.021 GHz. The phase noise at a frequency offset of 100 kHz, 1 MHz, and 10 MHz are −87.13, −115.59, and −135.53 dBc/Hz. Figure 13 shows the phase noise and output power when the output signal frequency is 3.584 GHz to 4.021 GHz. The minimum phase noise when the frequency offset is 1 MHz is −117.82 dBc/Hz and the maximum output power is 4.34 dBm.



The performance of the proposed CPPLL is summarized and compared with some previous works, as shown in Table 1. The proposed CPPLL demonstrates a wide bandwidth, higher output power, lower phase noise, and is more suitable for high-accuracy implantable medical sensors and image sensor use.




4. Conclusions


In this paper, a charge pump phase locked loop (CPPLL) frequency source circuit is proposed. Through theoretical analyses, the methods of reducing the dead zone of the PFD and an innovative current sink control and leakage protection in the steady-state technologies of CP are proposed. In addition, a low-noise voltage-controlled oscillator (VCO) and a static 64:1 frequency divider are realized. The proposed CPPLL is realized by cascading each module based on a 0.15 µm GaAs pHEMT process. Measurement results show that the operating frequency of the proposed CPPLL is 3.584 GHz–4.021 GHz, and the consumed power is 181 mW. The lowest phase noise is −131.06 dBc/Hz@1MHz, and the maximum output power is 4.34 dBm. The chip area is 2701 μm × 3381 μm. In this paper, compound semiconductor technology and CPPLL technology are combined to verify the feasibility of a compound semiconductor process designed CPPLL, which effectively improves the circuit noise and increases the operating frequency and output power. The proposed CPPLL can be used as a local oscillator frequency source in 5G communication transceivers to provide local oscillator signals.
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Figure 1. The system architecture of CPPLL. 
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Figure 2. The structure of PFD: (a) the architecture of PFD; (b) the structure of PFD. 
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Figure 3. The simulation results of PFD: (a) the result of dead time; (b) the result of the maximum operating frequency. 
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Figure 4. The structure of CP. 
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Figure 5. The simulation result of the ICN of the loop filter. 
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Figure 6. The structure of the VCO. 
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Figure 7. The measurement results of the VCO: (a) the spectrum of the VCO; (b) the tuning range of the VCO; (c) the output power of the VCO. 
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Figure 8. The structure of the static 2:1 FD. 
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Figure 9. The test results of the FD: the frequency spectrum at input of 4.8 GHz. 
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Figure 10. (a) Micrograph of the proposed CPPLL; (b) the test board. 
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Figure 11. The test results when the output signal is 3.584 GHz: (a) the frequency spectrum; (b) the phase noise. 
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Figure 12. The test results when the output signal is 4.021 GHz: (a) the frequency spectrum; (b) the phase noise. 
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Figure 13. The phase noise and output power when the output signal frequency is 3.584 GHz to 4.021 GHz. 
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Table 1. Comparison with some previously reported CPPLLs.
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	Ref.
	Tech.
	Structure
	Freq. Range

(GHz)
	Phase Noise

(dBc/Hz)
	POUT

(dBm)
	PDC

(mW)
	Area

(mm2)





	[11]
	65 nm

Si CMOS
	CPPLL
	0.09–0.35
	−90@1MHz
	−8
	0.109
	0.0081



	[12]
	65 nm

Si CMOS
	CPPLL
	2.4
	−122@1MHz
	−2.25
	1.02
	0.3



	[9]
	0.2 μm GaAs pHEMT
	APLL
	37
	−98@1MHz
	-
	480
	1.7



	This Work
	0.15 μm GaAs pHEMT
	CPPLL
	3.584–4.021
	−117.8@1MHz
	4.34
	39.69
	2.7 × 3.4
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
I(mA)

Ienz

0 50 100 150 200 250 300





media/file13.png
Mkr1 3.854 GHz
Ref Offset 1.3 dB
10 dBidiv Ref 30.30 dBm 7.70 dBm
og

3.854 GHz
7.70 dBjm

ol

Start 2.000 GHz Stop 5.000 GHz
#Res BW 1.0 MHz VBW 1.0 MHz Sweep 5.000 ms (1001 pts)

(a)

3.95 GHz
4.0 W/“
/ 3.98 GHy
3.8
g 3.8 GHz
<} 3.62 GHz
P
2 36 %
s% /
. / 3.51 GHz
o
£ 34
3
g ]
y 3.23 GHz
3.2
—A— 1C VCO
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Control Voltage (V)
5 4.63 dBm
/’/0__-——0
4.71 dBm |
4 "
337dBm _—"
o— 392dBm

Y

Output Power(dBm)
)
o
1N

0 / —0.08 dBm
—o— LC VCO

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Control Voltage (V)

(c)





media/file12.jpg
B LR

©





media/file18.jpg





media/file9.png
I(mA)

]
|

y Y
Z

' leno I
6 - R CNI
' Cl
+- C2 I
) \ 1 =
0.
IS —
4' — [CN1
] |——1ICN2
_6_

0 50 100 150 200 250 300
time (nS)





media/file14.jpg
RS Re
MO ML L
w Mg
w

®Re
™2 . Qs
SO T
LM s v iz, *
— L O o
iy
S M e
LIk X
Tinputy
¥ RI
Vi

D-Latch(Master)

v

D-Latch(Slaver)

R

PNy

RI0





media/file20.jpg
-0

0
0
-1
50

—s025ape
@ik

Phase Nk [aBortz)

5

~11731m0ts
@i

L R T
Ot Frequency 1]

(b)

0

3





media/file23.png
Spectrum | % |
Ref Level 20.00 d8m & RBW 10 kHz
30 dE SWT 586 ms (~174 ms) & VBW 10 kHz Mode Auto FFT
1 Frequency Sweep

M1[1] 4,34 dBm

4021590 GHz
10dBm +62HH7
‘ o
4.34dBm 1/« .
0dBm | 625Ntz
—10dBm
—20dBm =)
=
p=)
=t
=30dBm I"
—40dBm
—50dBm
- L '
—60dBm Ref.Spur—
=70dBm
CF 4.016 GHz 1001 pts 20.0 MHz/ Span 200.0 MHz
| Measuring... B00000008 [ 12:48:47
12:48:47 15.03.2021
(a)
=70
-80 A
-9 M%Mw.
IT X \ l
—115.59dBc¢/Hz

-100 —87.13dBc¢/Hz \\A
~110 % /4
' N,

-120 \\‘w

-130
- —135.53dBc/Hz ;‘_ﬂ,m

_140 4 — Raw ANTONALL )
1 —— Smoothed AN WM

MHz

]
PUNG 5 © up v

Phase Noise [dB¢/Hz]
®
S
=
~
S

102 10° 10* 10° 108 107 108
Offset Frequency [Hz]

(b)





media/file5.png
V. (V)

—0.51

V(V)

-2.01

Ref
Div
—UP
— DOWN

—1.01

-
|
1

time (nS)

(a)

Ref
Div
— UP
— DOWN

time (nS)

(b)





media/file15.png
~R3 =R4

ﬁM:S ME MS M6
CIKN
(Inpu?gﬂul
Clk

P
«

(Input)

~
(G

Py

| VI
D-Latch(Master) D-Latch(Slaver)





media/file19.png





media/file2.jpg





nav.xhtml


  sensors-22-00504


  
    		
      sensors-22-00504
    


  




  





media/file11.png
[E : Ctune : ;ll

VCO OUT N Cl VCP (2 VC

O\/

OUT P

MIFI FM-{[% M2

|||—||I





media/file6.jpg
Buffer Module Buffer Module

Leakage Protection Module
1z

ot Ioxa

Vicdle

i Current Sink
Fome Control Module





media/file24.jpg
Phase Noise [dBc/Hz]

-80 L
» sl
P —uid—n |,
100KI1z
i Mtz 3.5
100 —A- 10Miz §.
k= output Poved 1 3.0 1
-110 - g
2.5 2
-120 0y
2.0 §
-130 ’
L5
-140
1.0
3.55 3.75 4.00 4.05

Frequency [GHz]





media/file1.png
4.021GHz

ReT
1
Reference ‘HR#N ' SCL Structure == Charge 2 Second Order
Signal Source | 2L PFD L Pump e S Loop Filter
Div DNN
56MHz-
62.83MHz
. Clk
Static 64:1
F - CIKN LC \%
~ Frequency VCO
Divider 3.584GHz-






media/file10.jpg
e e
L1 | L2
D ¢ G
[: tune :]
e Sk
" C1 vCp C2
VCO_OUT N Q4 SE VCO_OUT_P
M1 |— W~ MW —”: M2





media/file7.png
Buffer Module Current source Module Buffer Module

r------+ Leakage Protection Module gmmmmmmny
: |.Va._ X | W ! :
: .| P
: E lupi \ lup ::I]‘— : %
i % | liz B
R O RS
L Modile T [ :
UPN —l:l]‘ DNN E
.l NG : E ¢
: \ — 4 pi 1
Ve Ipni Ipna Vi) E 4E hiﬁi%e
0 % Current Sink ? E : r
: Module : '
E Vss E :
E Current Sink ] E
"""" Control Module ==—"""""""""""





media/file16.jpg
. S5}

~20anm

~soao

~s0anm

~soanm

~stanm

~70aBm

oot " . . r t
o anoll 1 Ay [V \P‘Vlﬁi‘f’{‘rw\ Ml g g






media/file3.png
< < =
<R4 < B p
, R4Z
ACtrIN
Q* M r\(‘fl‘l I
B ’:_“-BNN 1
rINx
| |_U'PNR3 | Ctrlx
Re =R2 RI1 R3:
(DlV (DlV
A\ | V2
T T T
NAND

DFF





media/file22.jpg
g .
i-w N o
% -120
£

i

1901 sonothed

(b)





media/file17.png
(Multiview | Spectrum l

Ref Level 0.00 dBm ® RBW  SkHz
Att 10 dB  SWT 837 ps (~8.1 ms) ® VBW 100 kHz  Mode Auto FFT
I Frequency Sweep

M1[1] ~13.58 dBm
2.400000000 GHz

—10dBm

)\

—20dBm N

~30dBm \ —13 38 dBm
—40dBm \

—50dBm

—60dBm

=70dBm

s WP TAL I UV L

08:14:08 10.03.2021

mmnﬂ/‘(\n M flnﬂMMns

Measuring... WHERRLCED i

08:14:07





media/file4.jpg
R B ]
ime (1)

T W @ e @ w0
time (nS)

(b)





media/file25.png
Phase Noise [dBc/Hz]

-80 4.5
o '._. ‘ —* o
—90-Jsl—l/"< 2 >" —m. 4.0
| / —m— 100Kz 1
-1 100 KHz ',"-:_ —@— 1MHz 43.5'5
0 k| —A— 10MHz 5
N ) =y = Output Power d
110 ‘// . ‘.s . 3.0 %—3
_120 o-0—o—/ <= 12.5
x 1 MHz - E;
130 /10 MHz - 1203
* ‘r__m—41\4———ul_.____ '
‘AVAL-_‘V/’ <« A-A—A {15
-140 *:
1.0
3. 55 3.75 4,00 4. 05

Frequency [GHz]





media/file0.jpg
 p— ; &
Reference B SCLstructure “EN>  Charge > Second Order

Signal Source  (Rivy PFD DNy Pump lo sy Loop Filter
S e
i

v,

L swcow) €—Sh—00

veo

358G
4021GH;






media/file21.png
MultiView
Ref Level 20.00 dBm
ALL 30 dB
1 Frequency Sweep

10dBm

Spectrum

SWIT 520 ms

® RBW 10 kHz

~172 ms) = VBW 10 kHz

M1[1]

D Clrw
1.12 dBm
3.584400 GHz

0dBm

3.584GHz
1.12dBm

—10dBm

56MHz

—20dBm

=30dBm

—40dBm

—62dBc

=50dBm

—60dBm

=70dBm

h .l:ll J‘lllllll sk

Sk bk

Jhdh

el
CF 3,587 GHz

12:50:06 15.03.2021

Ref.Spur

—_—

(a)

i .LIIIJJ el il

Bl | Lhk

e

|

1001 pts 20.0 MHz/

Measuring...

Sean 200.0 MHz

e 15.03.2021
12

|
-1
—

|
2]
=

1

|
o
—

-100

=

J 0\

-110

—89.25dBc/Hz

@100K Hz

\

—117.31

dBc/Hz

I

"

I'1Z

Phase Noise [dBc/Hz]

-120

-130

/, TN
MN

—140 -

—— Raw

- —— Smoothed

—1374

@11V
6dBc/H1\z):%\

—

MHz

102

103

10*

10°

Offset Frequency [Hz]

(b)

108

107

108





