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Abstract

:

In this paper, for the wireless network, wearable device, and Internet of Things (IoT) markets, a delay-locked loop (DLL) is used to implement accurate multiplication for a reference clock and the frequency of various applications through an edge combiner (EC). A simpler structure is more sensitive to process, voltage, and temperature (PVT), so DLL complements itself quickly in the feedback system and improves the stability of the final output. The proposed DLL-based multiplier can prevent harmonic lock generation using a first phase canceller (FPC), thus compensating for faster lock time. The circuit is built with a 55 nm CMOS process and has a chip area of 0.0225 mm2. The proposed design achieves a total power consumption of 0.48 mW at the 30.72 MHz operating clock frequency, and the clock duty can also operate stably from 15 to 75%.
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1. Introduction


Recently, the wireless network industry has rapidly evolved, leading to an increased demand for more efficient communication methods and high-performance microprocessors necessary to handle the vast quantities of data transmitted across these networks. This has resulted in a significant surge in demand for such devices in the market. Multipliers are often used at frequencies ranging from several GHz or higher. The frequency should be very stable, but the frequency gets higher, it becomes increasingly challenging to design a structure that effectively stabilizes the frequency.



In today’s advanced technologies, it is crucial for integrated circuits (ICs) to generate high-speed clock signals from low-speed external sources such as crystal oscillators. Clock doublers have become increasingly prevalent in integrated circuits. In use, they can be incorporated at the input of a phase-locked loop (PLL) and utilized with UARTs to achieve greater bandwidth, while also serving as a valuable component in a clock distribution network [1,2]. To achieve this, on-chip clock multiplication has become essential. One common approach for clock multiplication is to use a phase-locked loop (PLL) circuit. A PLL typically consists of a phase detector, an analog loop filter, a divider, and a voltage-controlled oscillator (VCO) [3]. However, PLLs have a significant analog content, which can make their design challenging to fit into a typical digital design flow. The analog components of the PLL, including the loop filter and VCO, require careful consideration of noise, stability, and other factors that are typically not necessary in digital circuits. This can make the design process more complex and time-consuming, especially for digital designers who may not have a strong background in analog circuit design.



Despite these challenges, PLLs remain a popular choice for clock multiplication due to their versatility and ability to generate stable, high-quality clock signals. As a result, efforts have been made to simplify the design of PLLs and reduce their analog content, such as through the use of digital loop filters and all-digital PLLs. These approaches can help to reduce the design complexity of PLLs and make them more accessible to digital designers. So, by creating a stabilized frequency source at a low frequency and increasing it to an accurate magnification through the harmonic calculation of the multiplier, it is often possible to secure a frequency source for the LO, etc., required for ultra-high frequency communication. When designing wearable devices or Internet of Things (IoT) devices, the reference clock signal is a critical component. It is essential to generate stable and accurate clock signals that can meet the requirements of the intended application. One common approach to generating a high-speed clock signal is to use a frequency multiplier circuit.



The conventional structure used for frequency multiplication typically employs an XOR gate. The structure must be designed to operate at the desired supply voltage while providing the required clock speed for the intended application. However, designing an efficient frequency multiplier circuit can be challenging due to factors such as power consumption, noise, and layout restrictions. For wearable and IoT devices, power consumption is a crucial consideration, and the frequency multiplier circuit must be designed to operate at low power levels to extend battery life. In addition, the small form factor of these devices means that the layout of the frequency multiplier circuit must be carefully optimized to reduce the size of the overall system.



Frequency multiplier circuits are essential components of many wearable and IoT devices. The development of more efficient and compact frequency multiplier circuits has enabled the creation of new generations of wearable and IoT devices with advanced capabilities, such as low-power wireless connectivity, sensor fusion, and machine learning.



The input frequency of the above circuit, Figure 1, operates as an input of the XOR gate and an input of the configured delay circuit. The delay circuit consisting of a resistor (R1), a capacitor (C1), and a comparator shown in the figure above provides the second input of the XOR gate. Additionally, the other input to the comparator is supply voltage, which is 50% of the reference voltage through resistance distribution. The above figure’s values, R1 and C1, are derived from the equation:


    R   1   ∗   C   1   =   2   3   ∗   1     f   D O U B L E      



(1)







Here,     f   D O U B L E     represents the desired frequency output which is twice the original frequency. However, it is difficult to obtain a frequency that multiples the input frequency depending on temperature and process by reacting insensitively to PVT, or to operate normally with a constant pulse of 50% duty.



Figure 2 is proposed DLL Top block diagram. The proposed approach to prevent harmonic locking and ensure optimal performance within a defined frequency range is accomplished by employing a delay-locked loop (DLL) that is constructed with the help of several components, namely: a phase frequency detector (PFD), charge pump (CP), and a loop filter (LF) based on the voltage-controlled delay line (VCDL). Additionally, the first phase canceller (FPC) is an essential part of this structure. It satisfies the requirements of a system that generates clock frequencies with multiple phase sampling methods, and also meets the requirements for operating frequency in low-frequency or high-frequency systems synchronized with peripheral devices.




2. MDLL Architecture


2.1. MDLL Top Block Diagram


Figure 3 is the top block diagram of the multiplying delay-locked loop. First, for two input signals, harmonic lock is prevented from being generated through FPC, and a signal is sent to detect the phase and frequency difference in the analog PFD, and the up signal and down signal are transmitted to the CP with a clock pulse. The current of the CP is adjusted according to the up/down signal, which is transmitted to the VCDL through LF. The VCDL, which operates based on the reference clock, detects the change in input voltage and changes the pulse interval for each delay line, aiming at aligning the reference signal and the final signal. The delay signals except for the feedback signal, are then sent to the edge combiner, and the frequency is multiplied through the internal multiplexer and D-flip flop.




2.2. Voltage Controlled Delay Line


Figure 4 shows the VCDL’s schematic, which uses a current-starved inverter and shunt capacitor to generate signal delay. The alignment of the first and last signals is used to synchronize the DLL initial signal and the edge combiner. However, increasing the number of delay cells or size of internal elements to achieve a higher frequency range can introduce more phase noise and necessitate additional circuits for compensation.



Figure 5 shows the normal operation of the VCDL. The signals used for the DLL locking with Delay Out<4> and Delay Out<0> are the final outputs of the VCDL. It is designed to have a difference of one cycle of the reference clock. Initially, the circuit has arbitrary signals, but as the DLL progresses, it creates a one-cycle difference as shown in the figure. However, this process is at risk of harmonic locking, a frequent problem in DLLs that hampers the exact one-cycle difference. In the next part, it will be explained how the first phase canceller can prevent this problem. The red arrows are the rising edges of the delay pulses that are shown synchronized by the gray dashed lines.




2.3. First Phase Canceller


Figure 6 shows the schematic of the first phase canceller, which is used to prevent the occurrence of harmonic lock by ensuring the correct alignment of compared signals. Otherwise, misalignment may lead to harmonic lock. To avoid this problem, one of the signals’ initial phases can be removed to help align them. To ensure prevention of harmonic lock, the equation depicted in the figure must be satisfied.


TCLK < TVCDL_MAX < TCLK × 1.5










TCLK × 0.5 < TVCDL_min < TCLK











In Figure 6a, the red arrow represents the rising edge of each pulse, which must be contained within one period of the reference clock. The rising edge that falls within the dashed gray line can be locked, as indicated by the purple arrow, under two specific conditions. The Figure 6b satisfies the received signal based on the reference signal. In order to match the signals to be aligned over one cycle, the two phases must be compared in a state that meets the conditions judged to be false lock. That is, the signal corresponding to Delay Out must be aligned with the next signal of the reference signal. Based on the gray arrow, the possible causes of each case are summarized.




2.4. PFD, CP, LF


Figure 7 above is the schematic of the PFD. In the PFD, a structure for preventing a CP dead zone by adding a reset-delay cell is used. The PFD has two outputs UP and DOWN that are transmitted depending on the phase and frequency difference of the input signal. The output signal of the PFD is supplied to the charge pump. In this case, detecting the phase and frequency difference of the PFD is very important. The sensitivity of PFD means that it can detect the smallest difference and generate an up or down signal that will affect the charging pump, which leads to the conclusion that the higher the sensitivity, the better the PFD. Although the PFD performs well alone, it adds delay cells to avoid the CP dead zone through artificial delay and compensate for fast lock time in the entire DLL system.



The CP schematic shown in Figure 8 includes a feedback amplifier that can be used to design the mismatch between the up current and down current to less than 1%. This ensures that mismatch between the two currents is minimized. In addition, the magnitude of the current according to the phase error through the CP is integrated through the LF and used as the reference voltage of the VCDL.



The size and layout of the current mirror used in the above figure and the MOSFET used in the internal amplifier have been carefully selected to minimize mismatch. If the voltage in the LF node reaches extreme VDD or the ground, the channel length modulation effect of the MOSFET will cause the up/down current to become unbalanced. This should allow the intended frequency to be obtained in the linear section of the VCO, which would result in an unbalanced current flow of the up/down current when the PLL is locked. To alleviate this, a tuned current feedback loop may be used. An operational amplifier-based feedback structure is used to improve up/down current matching in the output voltage range.



An error amplifier has been added between the current bias node and the output of the unity gain buffer for negative feedback, as shown in Figure 6. The amplifier, used as a unity gain buffer, allows wide bandwidth and high sleep rate in CP architecture with fast rising/falling time, and recognizes and applies faster changes during normal operation. Since the unity gain buffer has a wide input range, the input and output MOSFET has a minimum length. In addition, since the CP must be able to handle the specified current, the final stage uses a cross-coupled inverter type that increases the slew rate and increases the processing capacity of the load current.




2.5. Edge Combiner


The block diagram of the edge combiner is shown in Figure 9a, wherein a 4 × 1 MUX and a 2-bit counter are employed to generate a multiplexing signal that combines frequencies with different phases created by the VCDL. The resulting signal contains the edges of two signals with distinct phases.



Figure 9b above shows the timing diagram of the edge combiner. The red arrows are the rising edges of the delay pulses that are shown synchronized by the gray dashed lines. After the DLL system is stabilized, 4 × 1 MUX is used to recognize the rising edge of all signals for the four clean signals transmitted from the VCDL, and as the final output, a signal with a frequency four times that of the conventional frequency is generated (Final Out<0>). Then, the two feedback signals used for the MUX are obtained through the 2-bit counter, and the signal received from the VCDL is stabilized through a small loop consisting of the MUX and the counter. Through this, when the number of output bits of the VCDL is determined, a desired frequency can be generated for the reference clock, and accordingly, a higher frequency can be generated through structural changes of the MUX and counter.





3. Simulation Result


As defined in the description of the structure, the first phase canceller is used to prevent harmonic lock, the most fatal error in the DLL system. The delay outputs of the VCDL should be aligned within one period of the reference clock and the final output, labeled as final out<0>, should emit a frequency twice that of the reference clock. Figure 10 illustrates the Harmonic Locking, explained earlier, without the inclusion of the First Phase Canceller, as denoted by the black circle. As can be seen from the above simulation results, when the clock duty is 50%, harmonic lock appears until a stabilized signal is obtained. This causes a fatal phenomenon in which a malfunctioning clock is received when a stabilized clock is required in a communication system.



The above results were simulated assuming that the duty of the reference clock was not constant. In Figure 11a,b, When the clock duty is 15% and 75%, each delay is adjusted through VCDL to align the rising edge in the final output, and as a result, it can be seen that final frequency is doubled compared to the reference clock.



In Figure 12, the final simulation results show that the supply voltage of 1.2 V and the input reference clock used 30.72 MHz. Through the waveform of VCDL, which is the output of DLL, it was confirmed that the phase corresponding to 1/4 of the reference frequency was changed, and harmonic lock was prevented through the first phase canceller. After receiving the output of the VCDL, the edge combiner finally confirmed that it generated a frequency of 61.44 MHz through MUX and counter.



As suggested in this paper, the waveform was confirmed at 61.44 MHz through top corner simulation, Figure 13, and the same operation was verified without generating a harmonic lock during operation.



Table 1 represents the performance comparison of the proposed technique. It is designed to minimize power consumption, be sensitive to duty, and, as explained earlier, be highly sensitive to PVT (Process, Voltage, and Temperature) variations.




4. Layout


The total top layout size is 450 μm × 450 μm in Figure 14. If only the blocks involved in the operation of the clock doubler are included, the size excluding BGR and the current generator is 380 μm × 150 μm.




5. Conclusions


In this paper, we propose a multiplying delay-locked loop structure that is sensitive to PVT variation and generates a signal of double the reference frequency through the comparison of two input signals. Conventional circuits use the output of a delay circuit consisting of a reference frequency and the RC of a reference frequency as an input of an XOR gate. A delay-locked loop is used to implement a stable frequency multiplier because the delay circuit composed of passive devices and comparators used in the delay circuit is not sensitive to PVT. The final simulation results showed that the output frequency became 61.44 MHz, using a 1.2 V power supply and an input frequency of 30.72 MHz, and PVT operated normally. In this structure, by adjusting the delay cell inside the voltage-controlled delay line, it is possible to generate a frequency of a desired higher multiple other than double, and the input frequency can be set wider through the parallel capacitor. This process used the RF CMOS 55 nm process.
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Figure 1. The conventional clock doubler using XOR logic gate. 
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Figure 2. DLL top block diagram. 
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Figure 3. Top block diagram of MDLL. 
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Figure 4. Schematic of voltage-controlled delay line. 
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Figure 5. Normal operation of VCDL. 
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Figure 6. (a) Schematic of first phase canceller and operation timing diagram. (b) Normal and abnormal operations according to the harmonic lock. 
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Figure 7. Schematic of PFD. 
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Figure 8. Schematic of CP. 
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Figure 9. Edge combiner (a) block diagram (b) timing diagram. 
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Figure 10. Simulation Result of MDLL without First Phase Canceller. 
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Figure 11. Simulation of MDLL’s clock duty (a) 15% and (b) 75%. 
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Figure 12. Simulation Result of MDLL. 
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Figure 13. Top Corner Simulation Result of MDLL. 
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Figure 14. Top Layout of Clock Doubler. 
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Table 1. Performance Comparison with other related work.
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	Our Work
	[4]
	[5]
	[6]





	Technology (nm)
	55
	350
	55
	65



	Clock Frequency(MHz)
	30.72
	1~50
	333~1000
	54



	Duty Correction Extent (%)
	15~75
	-
	20~80
	-



	Power Consumption (mW)
	0.48
	3
	1.25
	1.45



	Chip Area (mm2)
	0.2025
	0.0036
	0.0186
	0.07
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