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Message from the Author I first became familiar with PLLs by working for National Semiconductor as an applications engineer. While supporting customers, I noticed that there were many repeat questions. Instead of creating the same response over and over, it made more sense to create a document, worksheet, or program to address these recurring questions in greater detail and just re-send the file. From all of these documents, worksheets, and programs, this book was born. Many questions concerning PLLs can be answered through a greater understanding of the problem and the mathematics involved. By approaching problems in a rigorous mathematical way one gains a greater level of understanding, a greater level of satisfaction, and the ability to apply the concepts learned to other problems. Many of the formulas that are commonly used for PLL design and simulation contain gross approximations with no or little justification of how they were derived. Others are rigorously derived, but from outdated textbooks that make assumptions not true of the PLL systems today. It is therefore no surprise that there are so many rules of thumb to be born which yield unreliable results. Another fault of these formulas is that many of them have not been compared to measured data to ensure that they account for all relevant factors. There is also the other approach, not trusting formulas enough and trusting only measured results. The fault with this is that many great insights are lost and it is difficult to learn and grow in PLL knowledge this way. Furthermore, by knowing what a result should theoretically be, it makes it easier to spot and diagnose problems with a PLL circuit. This book takes a unique approach to PLL design by combining rigorous mathematical derivations for formulas with actual measured data. When there is agreement between these two, then one can feel much more confident with the results.
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i.



What’s All of this PLL Stuff?
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Figure 1
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The Basic PLL



Basic PLL Operation and Terminology This section describes basic PLL (Phased Locked Loop) operation and introduces terminology that will be used throughout this book. The PLL starts with a stable crystal reference frequency (XTAL). This frequency is divided by R to a lower frequency, which is called the comparison frequency (Fcomp). This is one of the inputs to the phase detector. The phase-frequency detector outputs a current that has an average DC value proportional to the phase error between the comparison frequency and the output frequency, after it is divided by the N divider. The constant of proportionality is called Kφ φ . Note that this constant turns out to be the magnitude of the current that the charge pump can source or sink. Although it is technically correct to divide this term by 2π, it is unnecessary since it is canceled out by another factor of 2π which comes from the VCO gain for all of the equations in this book. So technically, the units of Kφ φ are expressed in mA/(2π radians). If one takes this average DC current value from the phase detector and multiplies it by the impedance of the loop filter (Z(s)), then the input voltage to the VCO (Voltage Controlled Oscillator) can be found. The VCO is a voltage to frequency converter and has a proportionality constant of Kvco. Note that the loop filter is a low pass filter, often implemented with discrete components. This loop filter is application specific, and much of this book is devoted to the loop filter. This tuning voltage adjusts the output phase of the VCO, such that its phase, when divided by N, is equal to the phase of the comparison frequency. Since phase is the integral of frequency, this implies that the frequencies will also be matched, and the output frequency will be given by: N Fout = • XTAL R
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This applies only when the PLL is in the locked state; this does not apply during the time when the PLL is acquiring a new frequency. For a given application, R is typically fixed, and the N value can easily be changed. If one assumes that N and R must be an integer, then this implies that the PLL can only generate frequencies that are a multiple of Fcomp. For this reason, many people think that Fcomp and the channel spacing are the same. Although this is often the case, this is not necessarily true. For a fractional N PLL, N is not restricted to an integer, and therefore the comparison frequency can be chosen to be much larger than the channel spacing. There are also less common cases where the comparison frequency is chosen smaller than the channel spacing to overcome restrictions on the allowable values of N, due to the prescaler. In general, it is preferable to have the comparison frequency as high as possible for optimum performance. Note that the term PLL technically refers to the entire system shown in Figure 1; however, sometimes it is meant to refer to the entire system except for the crystal and VCO. This is due to the fact that these components are difficult to integrate on a PLL synthesizer chip. The transfer function from the output of the R counter to the output of the VCO determines a lot of the critical performance characteristics of the PLL. The closed loop bandwidth of this closed loop system is referred to as the loop bandwidth (ω ω c), which is an important parameter for both the design of the loop filter and the performance of the PLL. Another parameter, phase margin (φ φ ) refers to 180 degrees minus the phase of the open loop phase transfer function from the output of the R counter to the output of the VCO. The phase margin is evaluated at the frequency that is equal to the loop bandwidth. This parameter has less of an impact on performance than the loop bandwidth, but still does have a significant impact and is a measure of the stability of the system. The PLL as a Frequency Synthesizer The PLL has been around for many decades. Some of its earlier applications included keeping power generators in phase and synchronizing to the sync pulse in a TV Set. Still other applications include recovering a clock from asynchronous data and demodulating an FM modulated signal. However, the focus of this book is the use of a PLL as a frequency synthesizer. In this type of application, the PLL is used to generate a set of discrete frequencies. A good example of this is FM radio. In FM radio, the valid stations range from 88 to 108 MHz, and are spaced 0.1 MHz apart. The PLL generates a frequency that is 10.7 MHz less than the desired channel, since the received signal is mixed with the PLL signal to always generate an IF (Intermediate Frequency) of 10.7 MHz. Therefore, the PLL generates frequencies ranging from 77.3 MHz to 97.3 MHz. The channel spacing would be equal to the comparison frequency, which would is 100 KHz. A fixed crystal frequency of 10 MHz can be divided by an R value of 100 to yield a comparison frequency of 100 KHz. Then the N value ranging from 773 to 973 is programmed into the PLL. If the user is listening to a station at 99.3 MHz and decides to change the channel to 103.4 MHz, then the R value remains at 100, but the N value changes from 886 to 927. The performance of the radio will be impacted by the spectral purity of the PLL signal produced and also the time it takes for the PLL to switch frequencies. The loop filter has a large impact on how long it takes for the PLL to switch frequencies and also on how spectrally pure the PLL signal produced is. For this reason, loop filter design is the central focus of this book.
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The Charge Pump PLL with a Passive Loop Filter



Why this Book Focuses on Charge Pump PLLs This book is focused primarily on the charge pump PLL, since vast majority of PLLs available in the market today are of this type. The charge pump PLL offers many advantages over the classical voltage phase detector PLL including an infinite pull-in range and zero steady state phase error. Furthermore, there is already a considerable amount of literature that discusses features that are specific only to the voltage phase detector in great depth. By not focusing on the classical voltage phase detector, there is more time to focus on other features of the PLL. The charge pump PLL allows the use of a passive filter while still retaining the benefits of an active filter with the voltage phase detector. Passive filters are generally recommended, because they have the advantages of lower cost and no active devices to add noise. The exception to this case is when the VCO tuning voltage needs to be higher than the charge pump can supply – in this case, an active filter is necessary. The Classical Voltage Phase Detector In the past, active filters have been emphasized for several reasons that are explained in depth in Floyd Gardner’s classical book, Phaselock Techniques. Many of these concepts still apply to the charge pump PLL, while many others, such as the steady state phase error are quite outdated. The XOR gate and the mixer are both discussed as practical ways to implement a phase detector. In Gardner’s book, the following classical active loop filter topology is presented.
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Voltage Phase Detector Figure 1
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Classical Active Loop Filter Topology for a Voltage Phase Detector



The Modern Phase Frequency Detector with Charge Pump and its Advantages The phase frequency detector with charge pump combination offers several advantages over the voltage charge pump and has all but replaced it. The phase-frequency detector and charge pump are usually integrated on the PLL chip. Using this approach completely eliminates the issues of steady state phase error and hold in range. The PLL with this combination can be compared to its predecessor as is done in Figure 2. Note that the circuit shown below with the box drawn around it integrates the functionality of the op-amp. It is necessary to divide the phase detector voltage gain (in Figure 1) by R1 in order convert the voltage gain to a current gain.
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Figure 2



Passive Loop Filter with Charge Pump



The capacitor C1 is added, because it reduces the spur levels significantly. Also, the components R3 and C3 can be added in order to further reduce the reference spur levels. Note that this passive filter has the op-amp functionality included. Instead of the phase detector delivering a voltage proportional to the phase error, the charge pump delivers a current with average value proportional to the phase error. This current is actually a constant amplitude with variable duty cycle. It is usually sufficient to model this current as an analog current with the average value proportional to the phase error. This is called the continuous time approximation and is used in most of the chapters in this book.
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The PLL as Viewed from a System Level



Introduction This chapter discusses, on a very rudimentary level, how a PLL could be used in a typical wireless application. It also briefly discusses the impact of phase noise, reference spurs, and lock time on system level performance. Typical Wireless Receiver Application
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Figure 1



Typical PLL Receiver Application



General Receiver Description In the above diagram, there are several different channels being received at the antenna, each one with a unique frequency. The first PLL in the receiver chain is tuned so that the output from the mixer is a constant frequency. The signal is then easier to filter and deal with since it is a fixed frequency from this point onwards, and because it is also lower in frequency. The second PLL is used to strip the information from the signal. Other than the obvious parameters of a PLL such as cost, size, and current consumption, there are three other parameters that are application specific. These parameters are phase noise, reference spurs, and lock time and are greatly influenced by the loop filter components. For this reason, these performance parameters are not typically specified in a datasheet, unless the exact application, components, and design parameters are known. Phase Noise, Reference Spurs, and Lock Time as They Relate to This System Phase noise refers to noise generated by the PLL. It can increase the bit error rates and the signal to noise ratio of the system. Reference spurs are unwanted noise sidebands that can occur at multiples of the comparison frequency , and can be translated by a mixer to the desired signal frequency. They can mask or degrade the desired signal. Lock time is the time that it takes for the PLL to change frequencies. It is dependent on the size of the frequency change and what frequency error is considered acceptable. When the PLL is switching frequencies, no data can be transmitted, so lock time of the PLL must lock fast enough as to not slow the data rate. Phase noise, reference spurs, and lock time are discussed in great depth in the rest of this book.
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For the receiver shown in Figure 1, the first PLL that is closest to the antenna is typically the most challenging from a design perspective, due to the fact that it is higher frequency and is tunable. Since this PLL is tunable, there is typically a more difficult lock time requirement, which in turn makes it more challenging to meet spur requirements as well. In addition to this, the requirements on this PLL are also typically more strict because the undesired channels are not yet filtered out from the antenna. The second PLL has less stringent requirements, because it is lower frequency and also it is often not tunable. This makes lock time requirements easier to meet. There is also a trade off between lower spur levels and faster lock times for any PLL. So if the lock time requirements are relaxed, then the reference spur requirements are also easier to meet. Note also that since the signal path coming to the second PLL has already been filtered, the lock time and spur requirements are often less difficult to meet. Conclusion The PLL is a basic building block that can be used in just about any application where a frequency needs to be synthesized. It is the application that puts restrictions on phase noise, reference spurs, and lock time. These three performance parameters are greatly influenced by many factors including the VCO, loop filter, and N divider value.
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Reference Spurs and their Causes



Introduction In PLL frequency synthesis, reference sidebands and spurious outputs are an issue in design. There are several types of these spurious outputs with many different causes. However, by far, the most common type of spur is the reference spur. These spurs appear at multiples of the comparison frequency. This chapter investigates the causes and behaviors of these reference spurs. In general, spurs are caused by either leakage or mismatch of the charge pump. Depending on the cause of the reference spurs, the spurs may behave differently when the comparison frequency or loop filter is changed. This chapter will discuss how to determine which is the dominant cause for a given application. In order to discuss spur levels, the fundamental concept of spur gain will be introduced. A clear understanding of spur gain is the starting point to understanding how reference spurs will vary from one filter to another. After this concept is developed, leakage and mismatch dominated spurs will be discussed, and then these results will be combined. MKR REF -23.0
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Figure 1
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Typical Reference Spur Plot



The Definition of Spur Gain Conceptually, if a given current noise of a fixed frequency is injected into the loop filter, then the power of the frequency noise that this induces at the VCO would be a start to defining the spur gain. However, an additional factor of 1/s is included in the transfer function to simplify the arithmetic later. Note that since this is a frequency change, it is necessary to multiply the transfer function by a factor of s to convert from phase to frequency. This factor of 1/s is left in, because it turns out that it is reintroduced because of other factors. Furthermore it makes the concept of spur gain a dimensionless quantity. Now since the power of the reference spur is sought, it is necessary to square this gain, and it is finally expressed in decibels for convenience.
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Typical Third Order Loop Filter  Kφ • Z ( s ) • Kvco Spur Gain ( Fspur ) = 20 • log  s 



   s = j • Fspur • 2•π 



So spur gain is the product of the VCO gain, charge pump gain, and loop filter impedance evaluated at a frequency equal to the offset frequency of the spur of interest, Fspur. In most cases, Fspur will be assumed to be the comparison frequency, Fcomp, but it could also be other frequencies, such as multiples of the comparison frequency, or fractions of the comparison frequency (in the case of a fractional N PLL). Aside from spur gain, there are other factors that contribute to spur levels, depending on whether the spurs are leakage dominated or mismatch dominated. The avid reader might wonder why the open loop transfer function is used, as opposed to the closed loop transfer function. In the case of leakage-dominated spurs, this would make sense, since it is the behavior the charge pump in the off state that causes the spurs. If the charge pump is off, it therefore makes sense to use the open loop transfer function. In the case of a mismatch-dominated spur, it may not be so obvious which transfer function to use. Since the open loop transfer function approximates the closed loop transfer function very well at the reference spurs frequencies, it makes most sense to use the open loop transfer function for the sake of consistency and simplicity. Leakage Dominated Spurs At lower comparison frequencies, leakage effects are the dominant cause of reference spurs. When the PLL is in the locked condition, the charge pump will generate short alternating pulses of current with long periods in between in which the charge pump is tri-stated. Tri-State (High Impedance)
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Figure 3
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When the charge pump is in the tri-state state, it is ideally high impedance. However, there will be some parasitic leakage through the charge pump, VCO, and loop filter capacitors. Of these leakage sources, the charge pump tends to be the dominant one. This causes FM modulation on the VCO tuning line, which in turn results in spurs. This is described in greater detail in the appendix. To predict the reference spur levels based on leakage, use the following general rule:  Leakage   + Spur Gain Leakage Spur = BaseLeakageSpur + 20 • log   Kφ  The leakage due to the PLL charge pump is temperature dependent and is often given guaranteed ratings as well as typical ratings and graphs in performance. The leakage of the charge pump increases with temperature, so spurs caused by leakage of the charge pump tend to increase when the PLL is heated. Various leakage currents were induced at various comparison frequencies, and the results were measured on the bench. The loop filter was not changed during any of these measurements. These results imply the fundamental constant for leakage-dominated spurs: BaseLeakageSpur



=



16.0 dBc



Note that this constant is universal and not part specific and should apply to any integer PLL. It can also not be stressed enough that it is impossible to directly measure the BaseLeakageSpur – this number is extrapolated from other numbers. Ileak (nA)
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A -28.3 -40.5 -47.3 A -33.8 -45.7 -52.7 B -24.3 -40.5 -51.5 B -43.5 -61.5 -72.0 C -32.7 X X C -40.5 X X Average Base Leakage spur Kvco C1 C2 C3 R2 (MHz/V) (nF) (nF) (pF) (KΩ) Ω) 17 5.6 33 0 4.7 43 0.47 3.3 90 12 48 1 4.7 0 18
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Spur Level vs. Leakage Currents and Comparison Frequency



Note that the BaseLeakageSpur index applies to the primary reference spurs as well as higher harmonics of this spur. Appendix B shows a theoretical calculation that is within 4 db of the measured results above. It is recommended that the measured value be used, since the theoretical derivation contains simplifying assumptions and may not account for all factors.
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Pulse Related Spurs In classical PLL literature, it is customary to model the reference spurs based entirely on leakage currents. For older PLLs, where the leakage currents were in the µA range, this made reasonable estimates for reference spurs and their behavior. However, modern PLLs typically have leakage currents of 1 nA or less, and therefore other factors tend to dominate the spurs, except at low comparison frequencies. Recall that the charge pump comes on for very short periods of time and then is off during most of the time. It is the length of time that these short charge pump corrections are made that determines the pulse related spur. In other words, if leakage is not the dominant factor, then it is this time that the charge pump is on that determines the spur levels. There are several factors that influence this correction pulse width which include: charge pump mismatches, unequal transistor turn on times, dead-zone elimination circuitry, and inaccuracies in the fractional calibration circuitry. Below is an explanation of how these factors can influence the pulse width. Mismatch of the charge pump refers to when the sink and source currents of the charge pump are not properly matched. The higher degree of the mismatch, the wider the correction pulse of the phase detector becomes. The unequal transistor turn on times refer to when the PMOS device that sources the current is not matched to the NMOS device that sinks the current. Since the PMOS process is slower, this typically makes it so that the lowest spur levels actually do not occur at 0% mismatch, but closer to about 4% mismatch. The dead zone elimination circuitry is added to keep the PLL out of the dead zone of the phase detector. Around zero phase error, real world issues of gate delays become a factor. To avoid this problem, circuitry can be added to ensure that the charge pump comes on for a minimum amount of time, which in turn impacts spur levels. Inaccuracies in the fractional calibration circuitry can also cause the fractional spurs to appear. All of these above sources increase the width of the charge pump correction pulse, so all of these effects contribute to the pulse spur. For pulse related spur issues, it is important to be aware of the mismatch properties and to base the design around several different parts to get an idea of the full variations. Mismatch properties of parts can vary from date code to date code, so it is important to consider that in the design process. Also, in designs where an op-amp is used in the loop filter, it is best to use all of the tuning range of the PLL or to center the op-amp around half of the charge pump supply voltage or slightly higher. Due to this variation of spur level over tuning voltage to the VCO, the way that spurs are characterized in this chapter are by the worst case spur when the VCO tuning voltage is varied from 0.5 volts to 0.5 volts below the charge pump supply. The variation can also be mentioned, since this shows how much the spur varies, but ultimately, the worst case spur should be the figure of merit. To predict reference spurs caused by the pulsing action of the charge pump, the following rule applies.  Fspur   Pulse Spur = BasePulseSpur + Spur Gain + 40 • log  1 Hz  The reader may be surprised to see that the above formula has the additional Fspur term added. This was first discovered by making observations with a modulation domain analyzer, which displays frequency versus time. In the case of the leakage-dominated spur, the VCO frequency was assumed to be modulated in a sinusoidal manner, which was confirmed with observations on the bench. However, this was not the case for the pulse-dominated spur. For these, frequency spikes occur a regular intervals of time corresponding to when the charge pump turns on. The pulse-dominated spurs were measured and their magnitude could be directly 16
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correlated to the magnitude of these frequency spikes. This correlation was independent of the comparison frequency. Therefore, using the modulation index concept does not work for pulse dominated spurs and introduces an error equal to 20l log(Fspur). However, the pulse spur differs from the leakage spur not by this factor but by 40l log(Fspur). The additional factor of 20l log(Fspur) comes because it is more proper to model the charge pump noise as a train of pulse functions, not a sinusoidal function. Recall to recover the time domain response of a pulse function applied to a system, this is simply the inverse Laplace transform. In a similar way that the inverse Laplace transform of 1/s is just 1, and not involving any factors of 1/ω ω , likewise in this situation, a factor of 1/ω ω is lost for this reason, thus accounting for the additional factor of 40l log(Fspur). In the case of the LMX2350/52/54, these are the 1/16th fractional spurs and have an additional dependence on the output frequency. This is due to the nature of the fractional spur compensation. Fout
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BasePulse Spur



MHz KHz /V nF nF pF KΩ dBc dB dBc Ω KΩ Ω mA This data was all taken from an LMX2330 PLL. The VCO was near the high end of the rail. 1895 18950 100 4 43.2 2.2 10 0 6.8 0 -51.7 46 -297.7 1895 18950 100 4 43.2 13.9 66 0 2.7 0 -69.7 30 -299.7 1895 18950 100 4 43.2 0.56 2.7 0 15 0 -41.0 58 -299.0 1895 18950 100 4 43.2 1.5 6.8 0 5.6 0 -50.0 49.2 -299.2 1895 18950 100 4 43.2 1.5 6.8 100 5.6 39 -59.8 40.5 -300.3 1895 6064 312.5 4 43.2 4.7 20 0 1.8 0 -60.2 19.6 -299.6 1895 6064 3125. 4 43.2 1.8 5.6 0 1.5 0 -51.1 27.7 -298.6 This data was taken from an LMX2326 PLL with Vtune = 0.29 V and Vcc = 3 V 231 1155 200 1 12 0.47 3.3 0 12 0 -74.1 23.0 -309.1 881.6 4408 200 1 18 0.47 3.3 0 12 0 -70.1 27.6 -309.7 881.6 1146 770 1 18 0.47 3.3 0 12 0 -70.1 4.9 -308.8 1885 9425 200 1 50 0.47 3.3 0 12 0 -59.7 35.6 -308.6 1885 4343 434 1 12 0.47 3.3 0 12 0 -58.7 22.2 -307.7 MHz



Table 2



Demonstration of the Consistency of the BasePulseSpur



The first several rows in Table 2 demonstrate many different filters at the same output frequency. The last several rows use the same filter, but emphasize the difference in changing the N value and comparison frequency. For the last several rows, the charge pump voltage was kept at 0.29 volts to maintain consistent mismatch properties of the charge pump and to also make spurs that were easy to measure. For this reason, this table is a valuable tool to show how spur levels vary. However, it is not a good source of information for worst case BasePulseSpur, since the tuning voltage was within 0.5 V of the supply rail and therefore out of specification. PLL LMX2301/05, LMX2315/20/25 LMX2330/31/32/35/36/37 LMX2306/16/26 LMX1600/01/02 LMX2350/52/54



Table 3



Variation (dBc) 11 23 7 5.0 18



BasePulseSpur (dBc) -299 -311 -309 -292 -257 – 40l log(Fout/1 GHz)



BasePulseSpur for Various National Semiconductor PLLs
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Despite the tables and measurements given above, the avid reader is sure to try to relate the pulse related spur to the mismatch of the charge pump. To do this, the LMX2315 PLL was used, and the spur level was measured along with the charge pump mismatch. The spur gain of this system was 19.6 dB, and in this system the comparison frequency was 200 KHz, so the spurs are clearly pulse-dominated. Vtune (Volts) Source (mA) Sink (mA) mismatch (%) 200 KHz Spur (dBc)



Table 4



1 5.099 5.308 - 4.0 - 73.1



1.5 5.169 5.253 - 1.6 - 76.6



2.2 5.241 5.166 1.4 - 83.3



3 5.308 5.047 5.0 - 83.2



4 5.397 4.828 11.1 - 72.8



4.5 5.455 4.517 18.8 - 65.7



Sample Variation of Spur Levels and Mismatch with Do voltage



Using statistical models, this suggests that the best spur performance is actually when the charge pump is 3.2 % mismatched and also gives the relationship: BasePulseSpur = -315.6 + 1.28l | %mismatch – 3.2% | Combining the Concepts of Leakage Related Spurs and Pulse Related Spurs Critical Values for Comparison Frequency In most cases, it makes sense to model the spurs as pulse related spurs, but this may not work for low comparison frequencies. One way to determine if a spur is leakage or pulse related is to calculate spurs based on both methods, and use whichever method yields the largest spur levels. In most cases, the pulse related spur will dominate. If the leakage is known, and the BasePulseSpur is known, it is possible to predict the comparison frequency for which the spur is equally pulse and leakage dominated. If the comparison frequency is higher than this, then the spur becomes more pulse dominated. Note that this calculation is independent of the spur gain and is found by setting the leakage spur equal to the pulse spur and solving for the comparison frequency. The governing equation and table for this are given below:  Fcomp   leakage   = (BaseLeakageSpur − BasePulseSpur ) + 20 • log   40 • log   1 Hz   Kφ  Comparison frequencies that satisfy this equation will be called critical frequencies. At the critical frequency, the reference spur is equally dominated by leakage and pulse effects. Above the critical frequency, the spur becomes more pulse dominated, below the critical frequency, the spur becomes more leakage dominated. This table was generated assuming the following: BaseLeakageSpur Kφ φ



= =



16.0 dBc 1 mA



Note that the critical frequency is proportional to the square root of the leakage current, and inversely proportional to the square root of the charge pump gain.
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leakage = 0.1 nA leakage = 0.5 nA leakage = 1.0 nA leakage = 0.1 uA leakage = 1.0 uA



Table 5



-290 14.1 31.6 44.7 446.7 1412.5



-300 25.1 56.2 79.4 794.3 2511.9



BasePulseSpur -310 44.7 99.9 141.2 1412.5 4466.8



-320 79.4 177.6 251.2 2511.9 7943.3



Critical Values for Comparison Frequency in Kilohertz



Composite Spur Calculation This chapter has independently derived the spur levels based on leakage and pulse effects. However, regardless of the dominant cause, the spur level is given by: Pulse Spur  Leakage Spur 10 10  Spur = 10 • log  10 + 10   



Spur Levels vs. Unoptimized Loop Filter Parameters Using the expression for spur gain, the way that spur levels vary vs. various parameters can easily be calculated and is shown below: Relationship to Parameter Charge Pump Leakage, ileak Mismatch, M N Value, N VCO Gain, Kvco Comparison Frequency i = Fcomp/Fc Charge Pump Gain, Kφ φ Spur Gain, SG



Table 6



Leakage Dominated Spurs 20l log(ileak) N/A independent 20l log(Kvco) -40l log(Fcomp) -40l log(i) independent SG



Pulse Dominated Spurs N/A Correlated to | M - δ | independent 20l log(Kvco) -20l log(Fcomp) -40l log(i) + 20l log(Fcomp) 20l log(Kφ) SG



Approximate Relationship of Spur Levels to Various Parameters Assuming that the Loop Filter is NOT Redesigned to Adjust for the Changed Parameter.



Harmonics of Pulse Dominated Reference Spurs In the case of a leakage-dominated spur, BaseLeakageSpur also applies to the spur harmonics, so this topic has already been covered. However, this case has not been treated in the case of pulse spurs. In order to address this issue, a LMX2326 PLL was tuned in 1 MHz increments from 1900 MHz to 1994 MHz using an automated test program. For these tests, Kφ = 1 mA, Fcomp = 200 KHz, and Kvco = 45 MHz/V. Filter A had components of C1 = 145 pF, C2 = 680 pF, R2 = 33 KΩ, while Filter B had components of C1 = 315 pF, C2 = 1.8 nF, and R2 = 18 ΚΩ. The statistics for the spur levels are presented in Table 7a.
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Minimum (dBc) Average (dBc) Maximum (dBc) Spur Gain for Spur (dB) BasePulseSpur (dBc)



Table 7a



2nd Harmonic (400 KHz) -65.1 -58.5 -54.4 33.8 -312.4



3rd Harmonic (600 KHz) -64.5 -61.9 -59.0 26.8 -316.9



Reference Spurs and their Harmonics for Filter A



Minimum (dBc) Average (dBc) Maximum (dBc) Spur Gain for Spur (dB) BasePulseSpur (dBc)



Table 7b



Fundamental (200 KHz) -56.2 -52.8 -49.3 45.7 -307.0



Fundamental (200 KHz) -64.8 -60.8 -56.2 39.0 -307.2



2nd Harmonic (400 KHz) -70.4 -65.1 -61.1 27.1 -312.2



3rd Harmonic (600 KHz) -69.1 -66.8 -64.7 20.0 -315.8



Reference Spurs and their Harmonics for Filter B



Table 7a to Table 7b show that the pulse spur is relatively consistent for different filters, however the second harmonic has a different BasePulseSpur than the first. These empirical measurements would suggest to expect that the BasePulseSpur for the second harmonic to be about 5 dB better than the BasePulseSpur for the first harmonic, and for the BasePulseSpur of the third harmonic to be about 4 dB better than the BasePulseSpur for the second harmonic. Now Tables 7a and 7b show harmonics of pulse dominated reference spurs. Similar measurements can also be made for harmonics of leakage-dominated spurs. Theoretically, one would expect that the higher harmonics to behave differently than the fundamental leakage dominated spur, since they are based on the higher powers of the modulation index (See Appendix A), however measured results show that they can be treated just as the fundamental leakage spur, except for the value of BaseLeakageSpur for them is a little different.



Minimum (dBc) Average (dBc) Maximum (dBc) Spur Gain for Spur (dB) BasePulseSpur (dBc)



Table 7a



Fundamental (200 KHz) -56.2 -52.8 -49.3 45.7 -307.0



2nd Harmonic (400 KHz) -65.1 -58.5 -54.4 33.8 -312.4



3rd Harmonic (600 KHz) -64.5 -61.9 -59.0 26.8 -316.9



Reference Spurs and their Harmonics for Filter A



Conclusion This chapter has discussed the causes of reference spurs and given some techniques to simulate their general behavior. The concept of spur gain applies to reference spurs and gives a relative indication of how they vary from one loop filter to another when the other parameters, such as comparison frequency are held constant. Reference spurs can be caused by leakage or pulse effects. Pulse effects is a generic term to refer to inconsistencies in the pulse width of the charge pump caused by mismatch, unequal transistor turn on times, or imperfections in the fractional N compensation circuitry. Although reference spurs are intended to refer to spurs that
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appear at a spacing equal to the comparison frequency from the carrier, the models in this chapter are also useful in predicting harmonics of reference spurs and fractional spurs. One caution dealing with fractional spurs is they may be sensitive to voltage and prescaler. They also often have a dependence on the output frequency as well. In general, the spur that is closest to the carrier is the most troublesome, since it is most difficult to filter. As for the accuracy of the formulas presented in this chapter, there will always be some variation between the actual measured result and the theoretical results. Relative comparisons using spur gain tend to be the most accurate. In the case of leakage-dominated spurs, there is a discrepancy between the theoretical and empirical values for BaseLeakageSpur of about 4 db. It is recommended to use the empirical value, but to accept that there could be several dB variation between the predicted and measured results. In the case of pulse-dominated spurs, the value for BasePulseSpur is purely empirical and is based solely on measured data. These spurs can also change a good 15 dB as the VCO is tuned across its tuning range. However, the worst case spur is the one that is being modeled.
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Appendix A: Spectra of Spurious Signals Introduction This section investigates the causes of spurs and their spectral density for an arbitrary time-varying signal that is fed to a VCO. It assumes a sinusoidal signal and is therefore meaningful in analyzing leakage-dominated spurs. Derivation of Spurious Spectrum Spurs are caused by the PLL when a signal with an AC component is presented to the tuning line of the VCO. Assume that the tuning voltage to the VCO has the form: Vtune = V DC + V AC ( t ) Where Vtune = VDC = VAC = ωm



=



Tuning voltage to the VCO DC component of tuning voltage to the VCO AC component of tuning voltage to the VCO = Vm • sin(ω m • t ) Modulating Frequency = Fcomp



The VCO has an output voltage of the form [1]: V ( t ) = A • cos[ω 0 • t + β • sin( ω m • t )] Where



ω0 β



= =



Carrier Frequency Modulation Index



Since β l sin(ω ω nl t), represents the phase deviation of the signal, this expression can be differentiated to determine the maximum frequency deviation, ∆ F, and the following identity can be derived [1]: ∆F β = ωn By writing down the Fourier Series for e j• β • sin( ω n •t ) , the following identity can be derived [1].



e j • β • sin( ω n • t ) =



∞



∑ J (β ) • e



n = −∞



j • n •ω m • t



n



In the above expression, Jn(β β ) is the Bessel function of the first kind of order n.
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Applying the identity allows the power spectral density to be simplified as follows [1]. Vout ( t ) = A • cos[ω 0 • t + β • sin( ω m • t )] ∞   = A • Re al e j •ω 0 • t ∑ J n (β ) • e j •n•ω m •t  n = −∞  



= A•



∞



∑ J (β ) • cos( ω n



0



• t + n •ωm • t )



n = −∞



From this expression, the sideband levels can be found by visual inspection. J 0 (β ) ≈ 1



Carrier :



β 2 β2 Second : J 2 ( β ) ≈ 8 th n : J n (β ) First



J 1 (β ) ≈



:



Below is a table of first sideband level versus frequency deviation from zero for various comparison frequencies: Spur Level (dBm)



Modulation Index (β β)



-30 -40 -50 -55 -60 -65 -70 -75 -80 -85 -90



6.32e-2 2.00e-2 6.32e-3 3.56e-3 2.00e-3 1.12e-3 6.32e-4 3.56e-4 2.00e-4 1.12e-4 6.32e-5



Table 7



Frequency Deviation for Various Comparison Frequencies (Hz) Fcomp 10 KHz



Fcomp 30 KHz



Fcomp 50 KHz



Fcomp 100 KHz



Fcomp 200 KHz



Fcomp 1000 KHz



632 200 63 36 20 11 6 4 2 1 0.6



1900 600 190 107 60 34 19 11 6 3 2



3160 1000 316 178 100 56 32 18 10 6 3



6320 2000 632 356 200 112 63 36 20 11 6



12600 4000 1260 712 400 224 126 71 40 22 13



63200 20000 6320 3560 2000 1120 632 356 200 112 63



Relationship Between Spur Level, Modulation Index, and Frequency Variation



The spur levels relate the modulation index by: Spur Level =



20l log(β β /2)



References [1] Tranter, W.H. and R.E. Ziemer Principles of Communications and Noise, 2nd ed, Houghton Mifflin Company, 1985
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Appendix B: Theoretical Calculation of Leakage Based Spurs Since the BaseLeakageSpur is theoretically independent of PLL and loop filter, it makes sense to choose the loop filter that is the most basic. A simple capacitor is the most basic loop filter. Note that this filter topology is not a stable one, but for the purposes of this calculation, it will do just fine. Using this simplified loop filter, the voltage deviation to the VCO can easily be calculated. ∆V i = ∆t C 1 Substituting in known values gives the voltage deviation. 1



∆V =



Fcomp



∫ 0



i i • dt = C1 C 1 • Fcomp



Now recall that this is the amount the voltage changes during one charge pump cycle. So to get the modulation index, it is necessary to divide by two. Therefore, the modulation index is: β=



Kvco • ∆V 2 • Fcomp



Leakage Spur = 20 • log  β   2 Table 8 shows the fundamental result and how it can be derived. This number is within a few dB of what has been measured in practice. Specified Quantities C1 C2 R2 Kφ φ Kvco Leakage Fcomp



10 nF 0 nF 0 KΩ 1 mA 10 MHz/V 1 nA 100 KHz



Derived Quantities Spur Gain ∆V β = modulation index Leakage Spur 20l (Leakage/Kφ φ)



8.073 dB 1.000 µV 0.00005 = 20l log(β/2) = -92.041 dBc -120.000 = -92.0 dBc – (-120 dB) – 8.1 dB



BaseLeakageSpur = 19.886 dBc



Table 8
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Theoretical calculation for BaseLeakageSpur = 19.9 dBc/Hz
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On Non-Reference Spurs and their Causes



Introduction Much has been said about reference spurs, which occur at the reference frequency away from the carrier. This chapter investigates other types of spurs and their causes. The value of doing this is so that when a spur is seen, its causes and fixes can be investigated. Although many types of spurs are listed, most of these spurs are not usually present. Since a lot of these spurs occur in dual PLLs, the main PLL will always refer to the side of a dual PLL on which the spur is being observed, and the auxiliary PLL will refer to the side of a dual PLL that is not being observed. This chapter discusses general good tips for dealing with spurs, and then goes into categorizing the most common types, their causes, and their cures. Tips for Good Decoupling and Good Layout To deal with board-related cross talk, there are several steps that can be taken. Be sure to visit wireless.national.com and download the evaluation board instructions to see typical board layouts. In addition to this, there are the following additional suggestions: Good Decoupling: By this it is meant to have several capacitors on both the VCC and charge pump supply lines. The charge pump supply lines are the most vulnerable to noisy signals. Place a 100 pF, 0.01 µF, and a 0.1 µF capacitor on each of these lines to deal with noise at a wide range of frequencies. It may seem that these capacitances simply add in parallel to form a 0.111 µF capacitor, but in fact, they are all necessary since the larger capacitors have more problems responding to high frequency signals and may have a higher ESR. It is also good to place these components as close to the PLL chip as possible. Also it is often good to isolate the power supply pins with a small resistor of about 18 Ω . Good Layout: Be sure to protect the charge pump supply lines and the VCO tuning voltage lines from noisy signals. This can be done by making these traces short and as close as possible to the PLL chip. When two high frequency traces must be placed together, try to make them so that they are not parallel (i.e. try to make them perpendicular) in order to minimize the cross talk effects. Also try to minimize ground looping, which occurs when there is a small impedance (such as the inductance caused by a via) that connects two traces to ground. In the instance of ground looping noise can travel from one trace to another. Placing a ground plane in the board to separate the top and bottom layer also can help reduce cross talk effects. Good Loop Filter Design: Higher order loop filters and filters with narrower loop bandwidth are more effective in reducing spurs of all sorts – not just reference spurs. Cross Talk vs. Non-Cross Talk Related Spurs For the purposes of this discussion, the spurs will be divided into two categories. Cross talk related spurs refer to any spur that is caused by some source other than the PLL that finds its way to VCO output. Non-cross talk related spurs refer to spurs that are caused by some inherent behavior in the PLL. The first step in diagnosing a spur is to determine whether or not it is a cross talk related spur. The way that this is done is by eliminating all potential causes of the cross talk spur and checking if the spur goes away.
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Cross Talk Related Spurs In general, signals that are either low frequency, or close to the PLL output frequency are the most likely to cause this type of spurs. Whenever two sinusoidal signals enter a non-linear device an output signal at the sum and the difference of these frequencies will be produced. This result can be derived by writing the first three general terms for the Taylor series and observing that the square term gives rise to these sum and difference frequencies. It therefore follows that frequencies that are low in frequency, or frequencies that are close to the PLL output frequency are the ones that cause the most problems with cross talk related spurs. Several different types of the cross talk related spur are given below: External Cross Talk Spur Description: This spur appears and is unrelated to the auxiliary PLL output. Often times, when the main PLL is tuned to different frequencies, this spur moves around. Cause: This type of spur is caused by some frequency source external to the PLL. Common external sources that can cause these spurs are: computer monitors (commonly causes spurs at the screen refresh rate of 30 – 50 KHz), phones of all sorts, other components on the board, florescent lights, power supply (commonly causes spurs in multiples of 60 Hz), and computers. Long signal traces can act as an antenna and agitate this type of spur. Diagnosis: To diagnose this spur, start isolating the PLL from all potential external noise sources. Switch power supplies. Turn off computer monitors. Go to a screen room. Disconnect the auxiliary VCO and power down the auxiliary PLL. By trial and error, external noise sources can be ruled out, one by one. Cure: To eliminate this spur, remove or isolate the PLL from the noise source. As usual, these spurs are layout dependent, so be sure to read the section on good layout. Also consider using RF fences to isolate the PLL from potential noise sources. Auxiliary PLL Cross Talk Spur Description: This spur only occurs in dual PLLs and is seen at a frequency spacing from the carrier equal to the difference of the frequencies of the main and auxiliary PLL (or sometimes a higher harmonic of the auxiliary PLL). This spur is most likely to occur if the main and auxiliary sides of a dual PLL are close in frequency. If the auxiliary PLL is powered down, but the auxiliary VCO is running, then this spur can dance around the spectrum as the auxiliary frequency VCO drifts around. Cause: Parasitic capacitances on the board can allow high frequency signals to travel from one trace on the board to another. This happens most for higher frequencies and longer traces. There could also be cross talk within the chip. The charge pump supply pins are vulnerable to high frequency noise. Diagnosis: One of the best ways to diagnose this spur is to tune the auxiliary side of the PLL while observing the main side. If the spur moves around, that is a good indication that the spur being observed is of this type. Once this type of spur is diagnosed, then it needs to be determined if the spur is related to cross talk on the board, or cross talk in the PLL. Most PLLs
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have a power down function that allow one to power down the auxiliary side of a PLL, while keeping the main side running. If the auxiliary side of the PLL is powered down, and the spur reduces in size substantially, this indicates cross talk in the PLL chip. If the spur stays about the same magnitude, then this indicates that there is cross talk in the board. Cure:



Read the section on how to deal with board related cross talk.



Crystal Reference Cross Talk Spur Description: This spur is visible at an offset from the carrier equal to some multiple of the crystal reference frequency. Often times, there is a whole family of spurs that often occur at harmonics of the crystal reference frequency. In this case, the odd harmonics are usually stronger than the even harmonics. Cause: This spur can be caused by excessive gain of the inverter in the crystal oscillator. Sometimes, this inverter is integrated unto the PLL chip. When any oscillator has excessive gain, it can give rise to harmonics. The reason that the odd harmonics are often stronger is that the oscillator often produces a square wave or a clipped sine wave, which has stronger odd harmonics. Figure 1 shows a the structure of a typical crystal oscillator. Note that Lm (motional inductance), Cm (motional capacitance), and Cp (parallel capacitance) represent the circuit equivalent of a quartz crystal.



Lm



Cp



CL1



Figure 1



Cm



R



CL2



A Typical Crystal Oscillator Circuit



Diagnosis: The best way to diagnose this spur is to use a signal generator in place of the crystal. If spur level is impacted, then this is an indication that the oscillator inverter has excessive gain. Note that on some of National Semiconductor’s PLLs, the inverting buffer is included on the PLL chip, while on others, it is not. If the power level to the chip is reduced, then this decreases the gain of the buffer, which theoretically should decrease the level of this type of spur.
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Cure: In addition to the suggestions about good decoupling and layout, there are several things that may reduce these spur levels 1. Decrease the gain of the inverting buffer This may sound sort of ridiculous at first, but if the part is run at a lower VCC power supply voltage, then the gain of the inverter is decreased. Also, some of National Semiconductor’s PLLs, such as the LMX160x family have only a single inverter stage as opposed to a triple inverter stage. 2. Supply an external inverter Using a separate inverter for the crystal, or using the inverter from some other component, such as the microprocessor could also be a fix. 3. Increase the value of the Resistor, R In the above diagram, increasing the value of R can account a little bit for the excessive inverter gain. If R is increased too much, the circuit simply will not oscillate. Note that in many inverter circuits R = 0 Ω. 4. Try unequal load capacitors Usually, the load capacitors, CL1, and CL2 are chosen to be equal, but in this case it might improve the spur level to make CL2 > CL1. This is because the output of the inverter is a square wave, so anything to round out the edges can help. 5. Layout and filtering Be sure to read the layout tips and also consider filtering the noisy signal on the board.



Non-Cross talk Related Spurs These spurs are caused by something other than cross talk on the board. examples are discussed below:



Some common



Fractional N Spurs Description: These spurs only occur with a fractional N PLL. They occur at multiples of the fractional modulus M. For instance, if there was a fractional N PLL with N = 915.2, and a comparison frequency of 1 MHz, there could potentially be spurs at 200 KHz (1/5th fractional spur), 400 KHz (2/5th fractional spur), 600 KHz (3/5th fractional spur), 800 KHz (4/5th fractional spur), and 1 MHz (main spur) from the carrier. If the fraction is N/M, then the kth fractional spur will be present if the greatest common multiple of M and N divide k. For instance, if a PLL is run in the 2/16 mode, spurs will appear at 1/8th, 1/4th, 3/8th, …, and 7/8th of the comparison frequency. Furthermore, the kth fractional spur is most severe when N=k. If N and M are relatively prime, all fractional spurs will be present. Consider a PLL used in modulo 8 mode. When the fraction is 1/8, all fractional spurs will be present. When the fraction is 2/8, only the even fractional spurs will be present, and the 2/8 fractional spur in this mode will be the worst case for the second fractional spur. When the fraction is 3/8 mode, all fractional spurs will be there and this is the worst case for the third fractional spur. In the 4/8 mode, only the 4/8 and main spur will be present, and this will be the worst case for the fourth fractional spur. Cause: In any fractional N PLL, fractional N averaging is employed. Fractional N averaging involves switching the N counter value between two different values. This gives rise to fractional spurs due to an instantaneous phase error introduced by the fractional N averaging.
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For this reason, compensation circuitry is included on the chip to account for this instantaneous phase error. Since this circuitry is not perfect, there will usually be fractional N spurs on any sort of fractional PLL. Diagnosis: These spurs are easy to identify because they occur at the fractional modulus times the comparison frequency from the carrier and are very dependent on the fractional modulus. Cure: Fractional N parts have a lot of part-specific spur causes, but the spurs are all a result of imperfections in the fractional compensation circuitry. They can be dependent on supply voltage, output frequency, and a lot of other attributes that one would normally not suspect. If there is flexibility in adjusting the power supply voltage, then this provides one degree of freedom. For instance, the LMX2350 PLL has lowest fractional spurs around 3.3 V of operation. The other way to deal with these fractional spurs is to use a different fractional N part, since they are specific to each family of fractional N parts. If the second or higher fractional spur is a trouble causer, then using fractional modulus is odd or prime can help, since this will improve the worst case scenario for the second spur. Greatest Common Multiple Spur Description: This spur occurs in a dual PLL at the greatest common multiple of the two comparison frequencies. For example, if one side was running with a 25 KHz comparison frequency, and the other side was running with a 30 KHz comparison frequency, then this spur would appear at 5 KHz. In some cases, this spur can be larger on certain output frequencies. Cause: The reason that this spur occurs is that the greatest common multiple of the two comparison frequencies corresponds to the event that both charge pumps come on at the same time. This result can be derived by considering the periods of the two comparison frequencies. When both charge pumps come on, they produce noise, especially at the charge pump supply pins, which gives birth to this spur. Diagnosis: A couple telltale signs of this type of spur is it is always spaced the same distance from the carrier, regardless of output frequency. However, keeping the output frequency the same, but changing the comparison frequency causes this spur to move around. Just be sure that when changing the comparison frequencies for diagnostic purposes, you are also changing the greatest common multiple of the two comparison frequencies. Cure: This spur can be treated effectively by putting more capacitors on the Vcc and charge pump supply lines. Be sure that there is good layout and decoupling around these pins. Also consider changing the comparison frequency of the auxiliary PLL.
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Phantom Reference Spur Description: The phantom reference spur is characterized by a ghastly increase in the reference spurs right after switching frequencies. After the frequency is changed, it takes an excessively long time for the reference spurs to settle down. This spur is more common at lower comparison frequencies. Cause: Some of this can be possibly explained by deceptive measurements from the equipment, such as using the video averaging function on a spectrum analyzer. It can also be caused by leaky capacitors in the loop filter. Other theories suggest that it is related to undesired effects from the loop filter capacitors, such as dielectric absorption. Diagnosis: This can be observed on a spectrum analyzer. Just be very careful that it is not some sort of averaging effect of the spectrum analyzer. The output of the spectrum analyzer is power vs. frequency, which is really intended to be a still time sort of measurement. It may be helpful to test the equipment measuring some other spur to make sure that this is really the PLL and not the equipment. Cure: Designing with higher quality capacitors helps a lot. In particular, the capacitor C2 tends to be the culprit for causing this spur. Common capacitor types listed in order of improving dielectric properties are: tantalum, X7R, NP0, and polypropeline. Also, using a fractional N PLL can possibly help, since the fractional spurs tend to be less leakage dominated. Prescaler Miscounting Spur Description: This spur typically occurs at half the comparison frequency. However, it can also occur at one-third, two-thirds, or some fractional multiple of the comparison frequency. It can have mysterious attributes, such only occurring on odd channels. Cause: This spur is caused by the prescaler miscounting. Things that cause the prescaler to miscount include poor matching to the high frequency input pin, violation of sensitivity specifications for the PLL, and VCO harmonics. Be very aware that although it may seem that the sensitivity requirement for the PLL is being met, poor matching can still agitate sensitivity problems and VCO harmonic problems. Note also that there is an upper sensitivity limitation on the part. To understand why the prescaler miscounting causes spurs, consider fractional N averaging. Since the prescaler is skipping counts on some occasions and not skipping counts on another, it produces spurs similar to fractional spurs. Diagnosis: Since miscounting ties in one way or another to sensitivity, try varying the voltage and/or temperature conditions for the PLL. Since sensitivity is dependent on these parameters, any dependency to supply voltage or temperature point to prescaler miscounting as the cause of the spur. Changing the N counter between even and odd values can also sometimes have an impact on this type of spur caused by the N counter miscounting, and can be used as a diagnostic tool.
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Also be aware that R counter sensitivity problems can cause this spur as well. One way to diagnose R counter miscounting is to change the R counter value just slightly. If the spur seems sensitive to this, then this may be the cause. If a signal generator is connected to the reference input, and the spur mysteriously disappears, then this suggests that the R counter miscounting is the cause of the spur. Cure: To cure this problem, it is necessary to fix whatever problem is causing the prescaler to miscount. The first thing to check is that the power level is within the specifications of the part. After that, consider the input impedance of the PLL. For many PLLs, this tends to be capacitive. Putting an inductor to match the imaginary part of the PLL input impedance at the operating frequency can usually fix impedance matching issues. Be also aware of the sensitivity and matching to the VCO harmonics, since they can also cause a miscount. Try to keep the VCO harmonics –20 dBm or lower in order to reduce the chance of the PLL miscounting the VCO harmonic. VCO Harmonic Spurs Description: This spur occurs at multiples of the output frequency. All VCOs put out harmonics of some kind. This spur can cause problems if there is very poor matching to the high frequency input of the PLL. Note also in some cases, the higher harmonic can have better matching and sensitivity performance than the fundamental. This can cause mysterious noisy behaviors. In general, it is good to have the second harmonic 20 dB down if possible, but that is very dependent on the matching and the sensitivity of the PLL. Cause: VCOs are part specific in what level of harmonics they produce, but they all produce undesired harmonics of the fundamental frequency. Diagnosis: These spurs appear at the VCO frequency and multiples thereof. Change the VCO frequency, and see if the spurs still appear at multiples of the VCO output. Cure: If the VCO harmonics cause a problem there are several things that can be done to reduce their impact. They can be low pass filtered with LC or RC filters. A resistor or inductor can be placed in series at the fin pin to prevent them from causing the prescaler to miscount. Just make sure that there is good matching and that the spur level at the fin pin is as low as possible. Note also that the many PLLs do not have a 50 Ω input impedance. Treating it as such often creates big problems with the VCO harmonics. Conclusion In this chapter some, but not all causes of spurs have been investigated. Although it is difficult to predict the levels of non-reference spurs, their diagnosis and treatment is what is really matters. Non-reference spurs tend to be a thing that requires a lot of hands on type of diagnostics, and process of elimination is sometimes the only way to figure out what is the real cause.
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3.



Noise Sources in a PLL System



Introduction This chapter investigates the causes and behaviors of phase noise. The first part gives the theoretical derivations of the noise contributions to the PLL spectra. Whether the user is comfortable with these derivations or not, the second part shows an easy and simple way to apply these concepts to make reasonably accurate estimations of close in phase noise which are accurate to within a few dB most of the time. PLL Basic Structure
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VCO



Reference Loop Filter Transfer Function



Figure 1



Basic PLL Structure



Derivation of Transfer Functions For the purposes of this chapter calculations are simplified by introducing the following transfer functions: G( s ) =



Kφ • Kvco • Z ( s ) s H =



1 N



(1)



(2)



Using standard control theory, an expression can be written which relates the noise generated at each noise source to the corresponding noise that it produces at the output of the PLL. Table 1 shows various noise sources and the transfer functions that multiply each one.
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Source Crystal Reference R Divider N Divider Phase Detector



Table 1



Transfer Function



1 G( s ) • R 1 + G( s ) • H G( s ) 1 + G( s ) • H G( s ) 1 + G( s ) • H 1 G( s ) • Kφ 1 + G ( s ) • H



Loop Filter Resistor Noise and Active Devices in Loop Filter



See Appendix A and Reference [1]



VCO



1 1 + G( s ) • H



Transfer functions for various noise sources



Analysis of Transfer Functions If a noise source is introduced at the source labeled in Table 1, the noise is multiplied by the corresponding transfer function. Note that the crystal noise is multiplied by a factor of 1/R and the phase detector is multiplied by a factor of 1/Κφ Κφ. It should be apparent that the phase detector noise, N divider noise, R divider noise, and the crystal noise all contain a common factor in their transfer functions. This common factor is given below. G( s ) 1 + G( s ) • H (3)



All of these noise sources will be referred to as in-band noise sources. The loop bandwidth, ω c, and phase margin, φ , are defined as follows: G ( j • ωc ) • H = 1 180 − ∠G ( j • ωc ) • H = φ



(4) (5)



Using these definitions, equations (1) and (2), and the fact that G(s) is monotonically decreasing in s yields the following: For ω ωc However, the VCO noise is multiplied by a different transfer function: 1 1 + G( s ) • H (7)
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Note that this transfer function (7) can be approximated by:  N For ω ωc  



N



(8)



G(s)



G(s) 1+G(s) • H



ωc Figure 2



Frequency



Transfer Function Multiplying all Noise Sources Except the VCO 1



1 1+G(s) • H



1 1 G(s) • H



Figure 3



ωc Transfer Function Multiplying the VCO Noise



Frequency



A Few Words About Modulation The above figures also say something about how to modulate the PLL with information. One way to do this is to modulate the crystal reference. In this case, the loop bandwidth needs to be wider than the information bandwidth of the modulating signal. Another technique is to modulate the VCO voltage. Figure 3 implies that the loop bandwidth needs to be narrow, so the PLL does not track out the modulation. Another technique is to shut down the PLL and keep the VCO running and modulate it this way. By doing this, the PLL does not interfere with the modulated signal, but the frequency will eventually drift away from where it should be and then the PLL needs to be turned on again.
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power (dbm)



Phase Noise in dbc/Hz



PLL in-band (non-VCO) noise sources dominate here VCO noise Dominates Here



ωc



frequency Figure 4



Typical Phase Noise Spectral Plot for a PLL



Phase Noise and Phase noise Floor Although the noise within the loop (ω> R1 then the following holds: dV Vout = − R1 • C • out + V L dt V L = V D + VOL What is really of interest is how much does the voltage Vout change during the period that the lock detect pin is low. To simplify the mathematics, it is easiest to discretize the problem. The
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size of the discrete time step is TL, which is the time which the lock detect pin stays low. The following definitions can be used to convert the differential equation into a difference equation: Vn = Vout ( 0 ) Vn +1 = Vout ( TL ) The above differential equation has the following solution: Vn + 1 = V L + (Vn − V L ) • β − TL



β = e R 1•C When the lock detect output goes high, then the diode will not conduct, and the capacitor will charge through the resistor R2. In an analogous way that was done for the case of the lock detect pin state being low, the results can also be derived for the case when the lock detect pin is high. In this case, TH represents the time period that the lock detect pin stays high. Vn + 1 = Vcc + (Vn − Vcc ) • α − TH



α = e R 2 •C Now if one considers the two cases for Vn, then a general expression can be written for Vn. For sufficiently large n, the series will alternate between two steady state values. Call these two values VHigh and VLow. These values can be solved for by realizing that the initial voltage when the lock detect pin just goes low will be VHigh and the final voltage will be VLow. Also, the initial voltage when the lock detect pin just goes high will be VLow and the final voltage will be VHigh. This creates the following system of two equations and two unknowns. V Low = V L + (V High − V L ) • β V High = Vcc + (V Low −Vcc ) • α This system of equations has the following solution: V Low = Vcc + V High



(1 − β ) • (VL −Vcc )



1 −α • β (1 − α ) • (Vcc −VL ) = VL + 1 −α • β
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Lock Detect Circuit Design The above expressions for VLow and VHigh show what two values the voltage will oscillate between in the locked condition, once the component values are known. These equations can be worked backwards to solve for component values as well. For design of the circuit, the following information is needed. Tlock



The width of the pulses in the locked condition. This should be around 25 nS for the 4X current mode and 50 nS for the 1X current mode.



Tswitch The width of the LD pulses that are to be detected. Vhigh



The “trip point”. In the unlocked condition, the maximum voltage output would be Vhigh. In the locked condition, the voltage output should be higher



Ripple Vhigh – Vlow. This should be a couple hundred millivolts. Designing for too much ripple can cause a noisy circuit, while designing for too little will cause the circuit to take longer to settle to its final values of Vlow and Vhigh Using the expressions for Vhigh and Vlow, the following equations can be derived. α 2 • A +α • B + C = 0 A = K • (V L − V High ) B = Vcc − V High − K • V L + K • V High C = V High − Vcc K=



Vcc − V Low V High − V Low



α and β can be solved for as follows: − B + B2 − 4 • A • C 2• A β = 1 + (α − 1) • K



α=



Finally, the components can be solved for. To do so, the capacitor, C, can be chosen arbitrarily. Once C is known, the other components can also be found. R1 =



− TL C • ln β



R 2 = R1 •
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Voltages



Volts



Times



ns



VD VOL Vcc



0.7 0.5 4.1



TL TH



55 1600



Constants



Components



K A C α β



Choose C1



2.3333 -2.1 -2 0.9524 0.8889



Table 1



Design Specification VHigh (unlocked) Ripple Voltage



Volts 2.1 0.1



Calculated Values R1 R2 VLow (unlocked)



220 pF



2.12 KΩ 149.1 KΩ 2 Volts



Typical Lock Detect Circuit Design



Simulation Note that after the design is done, it is necessary to assure that the lowest voltage in the locked state VLow (locked) is higher than the highest voltage unlocked condition VHigh (unlocked). In Table 2, the circuit designed in Table 1 is simulated. The simulation shows that in ten reference cycles, the circuit gets reasonably close to its final steady state values. When the PLL is in lock, the lock detect circuit output voltage will not go below 2.54 Volts; in the unlocked state, the output voltage will not go above 2.10 Volts. This may not seem like much voltage difference, but this is because this circuit is extremely sensitive. If one was to use a pulse width of 100 ns out of lock, then this voltage difference would be much greater. Table 2 shows the simulation of a lock detect circuit. It is necessary to include a lot of margin for error, since it is very difficult to get an accurate idea of the width of the negative pulses from the lock detect pin. It was also assumed that these pulses were square and of constant period, which may be a rough assumption. Furthermore, as shown below, it does take time for the system to settle down to its final state. Par. VD VOL Vcc Vstart



Volts 0.7 0.5 2.1 4.5



Components C 220 pF R1 2.1 KΩ R2 149 KΩ



Times TL TH



nS 55 1600



Const. α β



Iter. 0



Vhigh 2.5000



Vlow 2.3554



Volts



Iter. 8



Vhigh 2.2051



Vlow 2.0933



Volts



1 2 3 4 5 6 7



2.4385 2.3864 2.3424 2.3051 2.2735 2.2468 2.2242



2.3007 2.2545 2.2153 2.1822 2.1541 2.1304 2.1103



Volts Volts Volts Volts Volts Volts Volts



9 10 11 12 13 14 15



2.1889 2.1751 2.1635 2.1537 2.1454 2.1384 2.1324



2.0789 2.0667 2.0564 2.0476 2.0402 2.0340 2.0287



Volts Volts Volts Volts Volts Volts Volts



Table 2



Volts 0.9524 0.8888



Locked Parameters Tlock ns 25 0.9478 V β lock



Steady State Parameters VHigh (unlocked) 2.0996 Volts VLow (unlocked) Ripple VLow (locked)



1.9995 0.1001 2.5451



Volts Volts Volts



Typical Lock Detect Circuit Simulation
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Conclusion This chapter investigated some of the concepts behind a lock detect circuit design. It is necessary for the designer to have some idea how much the width of the lock detect pulses are changing between the locked and unlocked condition. For both of these situations, TL was used to represent the width of these lock detect pulses. It is here that it may be necessary to make some gross estimates. Once TL is known, then the voltage levels of the circuit in the locked and unlocked condition can be calculated. Since there is ripple on this voltage, the minimum voltage level in the locked state should be greater than the maximum voltage level in the high state. From this pulse width, the components can be calculated. Note that there is a trade-off between the sensitivity of the circuit and the time it takes the circuit to respond, as seen in the simulation. Although ripple is undesirable, some ripple must be tolerated in order for the circuit to have sufficient sensitivity. One possible variation of the circuit is to design for a high amount of ripple and then add additional low pass filtering stages afterwards. There is also a specific choice of time constants for theoretical optimum sensitivity. However, assumptions need to be made about the pulse width and the pulse shape, there will be some tinkering left to the lock detect circuit designer.
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Impedance Matching Issues and Techniques for PLLs



Introduction This chapter is devoted to matching the VCO output to the PLL input. In most cases, the VCO has a 50 Ω output impedance. However, the PLL input impedance is usually not purely real and not 50 Ω. This can be the cause of many strange problems and a source of tremendous confusion. If the PLL impedance differs greatly from the trace impedance, then power will be reflected back towards the VCO, and significant power will be lost. Furthermore, if the PLL input impedance is not 50 Ω, then this can also cause misinterpretations of the VCO output power level, since it is typically specified for a 50 Ω load. This chapter discusses some of the issues and problems that can arise because of the PLL input impedance not being 50 Ω, and also gives some general matching techniques. VCO Output Impedance



Trace Impedance Zo



ZPLL



Figure 1



PLL and Matching Circuit Impedance



50 Ω



Circuit Between VCO and PLL



Calculation of the Trace Impedance The characteristic impedance of the trace between the PLL and the VCO is determined by the width of the trace, W, the height of the trace above the ground plane, H, and the relative dielectric constant, ε r, of the material used for the PCB board. The reader should be careful to not confuse the characteristic impedance of a microstrip line with the input impedance of the PLL or the output impedance of the VCO; these things are all different. W



H



Ground



Figure 2
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The precise calculation of the trace impedance is rather involved, as is the solution. It is a reasonable approximation to say that the trace impedance is independent of frequency, and it can be approximately calculated with the following formula from reference [1]: Zo ≡



L 87 H  = • ln 7.5 •  C W ε r + 1.41 



In this formula, L represents the inductance per unit length and C represents the capacitance per unit length. This formula can also be rearranged in order to determine what ratio of height to width is necessary to produce the desired impedance: Zo• ε r + 1.41 87



H e = W



7.5



FR4 is a commonly used material to make PCB boards which has the property that ε r = 4. This implies that the ratio of the height to the width is about 0.5 for a 50 Ω trace. In other words, if the thickness from the top layer to the ground plane is 31 mils (thousandths of an inch), then the width of the trace should be 62 mils. There are many online calculators for microstrip impedance, such as reference [1]. CH1



S 11



1 U FS



3 _: 83.961



12 Aug 1999 17:40:31 -117.82 540.35 fF 2 500.000 000 MHz



PRm Cor Del



1 _: 7.2007 -13.899 1.5 GHz



MARKER 3 2.5 GHz



2 _: 15.645 -49.604 2 GHz



3



1



2



START 1 500.000 000 MHz



Figure 3



STOP 2 500.000 000 MHz



Smith Chart for Typical Input Impedance for a PLL



Problems with Having the Load Unmatched to the PCB Trace Throughout this chapter, the trace impedance will be assumed to be 50 Ω, but the PLL impedance will be assumed to be something different. Note from Smith Chart in Figure 3 that the input impedance of the PLL is far from 50 Ω and is also frequency dependent. It is very common for PLLs to have an input impedance with a negative imaginary part (i.e. Capacitive). In cases where the signal frequency is low, few problems arise. However, for signals in the GHz range, impedance matching problems are common. In the GHz range, a trace of more than a couple centimeters can cause problems if the PLL impedance is poorly matched to the trace
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impedance. This typically causes a loss of power and can agitate sensitivity problems in the PLL. Also, since VCOs also put out harmonics, it could cause the prescaler to miscount on a higher harmonic of the VCO if the mismatch is severe enough. In most cases, it is not necessary to use any matching network at all. One way to determine how well the PLL is matched to a 50 Ω line is to calculate the reflection coefficient. ( Ra − Ro )2 + Xa 2 reflected power = 2 2 transferred power ( Ra + Ro ) + Xa The above formula assumes the impedance of the transmission line is Ro, and the impedance of the PLL is Ra + jl Xa. If the reflection coefficient is one, then no power is transferred to the PLL, if it is zero, all the power is transferred to the PLL. If the reflection coefficient gets too large, then this could cause problems. These problems are most pronounced when there is a long trace between the VCO and the PLL. ρ =



Impedance Matching Strategies Eliminating the Imaginary Part of the Impedance Without loss of generality, both the output impedance of the VCO and the input impedance of the PLL can be assumed to be real. If this is not the case, it can be made so by putting a series capacitor or inductor to cancel out the imaginary part. It is common for PLLs to have a negative reactance; and in this case, an inductor can be placed in series to cancel this out. Note that inductors tend to add cost, and this is not necessary unless the negative reactance of the PLL is fairly large. With a maximum of two components, the reactances of both the source and the load can be canceled. In the most common case, the impedance of the trace and VCO are both 50 Ω, but the PLL is something different. In this case, it makes most sense to place the impedance matching network as close to the PLL as possible. Exactly Matching any Two Real Loads at a Fixed Frequency
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Typical Impedance Matching Circuit



PLL Performance, Simulation, and Design  2001, Second Edition



141



For this type of match, the frequency must be specified. Note also that this assumes that the load resistance is greater than the source resistance. If this is not the case, then the inductor L, needs to be moved to the left hand side of capacitor C, instead of the right hand side and the values for the load and source resistance need to be switched. The matching circuit is designed so that both the load and source see a matching impedance. This yields a system of two equations and two unknowns that can be calculated L and C. In the case that the load has a negative reactance and also has less resistance than the source, it is convenient to compensate for the negative reactance by making the inductor, L, bigger by the appropriate amount. Ro + s • L = Rload 1 + s • C • Ro s • L + Rload = Ro 2 s • L • C + s • Rload • C + 1 Solving these simultaneous equations yields the following: Ro −1 Rload C= ω • Ro L = C • Ro • Rload The Resistive Pad Although the method in the previous section can match any load to any source exactly, it is often not used because inductors are expensive. Also this method is only designed for a fixed frequency and PLL input impedance. If the input impedance of the load varies drastically, then this network will become unoptimized. The resistive pad is a method of matching that does not match exactly, but is very good at accounting for variations in impedance. The biggest disadvantage of the resistive pad is that VCO power must be sacrificed. As more VCO power is sacrificed, the matching ability of the pad increases. Source



Load R2



Ro



R1



Figure 2
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For the resistive pad, the attenuation of the pad is specified, and it is designed assuming that both the source and load impedance are equal to Ro, usually 50 Ω. The resistor values satisfy the following equations. R1|| ( R 2 + R1|| Ro ) = Ro ( R1|| Ro ) • R1 = 10 R1 + R 2 + R1|| Ro



Atten 20



=K



In these equations, Ro is the source impedance, Atten is the attenuation of the pad, and x || y is used to denote the parallel combination of two components, x and y. The components R1 and R2 can be calculated as follows: K +1 R1 = Ro • K −1 R2 =



2 • Ro • R1 R12 − Ro 2



Adjusting the Trace Width to Match the PLL Input Impedance and Keeping Traces Short Regardless of whether a resistive pad or LC matching network is used, the idea was to make the load impedance look the same as the source impedance. If these impedances are matched, then the trace impedance can be made equal to these impedances, and there will theoretically be no undesired transmission line effects, such as standing waves. Another matching strategy is to match the trace impedance to the PLL input impedance, instead of the VCO output impedance. The matching of the trace impedance to the PLL impedance is much more important than the matching of the trace impedance to VCO output impedance. Also, if the trace is short (1/10th of a wavelength or less), then transmission line effects are much less likely to be present. Conclusion Although impedance matching networks are often unnecessary for matching the PLL to the VCO, there are enough situations where they are needed. Actually, what is really more critical is that the PLL input impedance be matched to the characteristic impedance of the PCB trace. When the trace length between the VCO and PLL approaches one-tenth of a wavelength, the trace is considered long and undesired transmission line effects can result. If there is plenty of VCO power to spare, the resistive pad serves as an economical and process-resistant solution. Otherwise, if the PLL is grossly mismatched to the VCO, the approach with inductors and capacitors can provide a good match. When using any sort of matching network, it is important to put this network as close to the PLL as possible. References [1] Online Microstrip Impedance Calculator Tool http://www.emclab.umr.edu/pcbtlc/microstrip.html [2] Danzer, Paul (editor) The ARRL Handbook (Chapter 19) The American Radio Relay League. 1997 PLL Performance, Simulation, and Design  2001, Second Edition



143



144



PLL Performance, Simulation, and Design  2001, Second Edition



17.



Routh Stability for PLL Loop Filters



Introduction There are two ways to make a loop filter unstable. The first is to design for a loop bandwidth that is more than about 1/3rd of the comparison frequency. The second is to design a loop filter such that the poles of the closed loop system fall in the right hand plane. This can happen when the phase margin is too low, at least for a third order filter. For the purposes of this chapter, the term Routh stability refers to a system where all the poles of the closed loop transfer function are in the left hand plane. This chapter examines what restrictions Routh’s Stability Criterion implies. Calculation of Stability Coefficients The open loop transfer function for a third order filter is as follows: G( s ) =



N • K •(1+ s •T2 ) s • ( 1 + s •T1 )• ( 1 + s •T 3 ) 2



K=



Kφ • Kvco N • ( C1+ C 2 + C 3 )



The closed loop transfer function is as follows: G( s ) 1 + G( s )



= N



N • K • (1 + s •T 2 ) s • d 4 + s3 • d 3 + s 2 • d 2 + s • d1+ d0 4



The constants in the denominator are the stability coefficients that determine the stability of the system and are defined as follows: d4 = T1•T3 d3 = T1 + T 3 d2 = 1 d1 = T 2 • K d0 = K Formation of a Routh Table The system will be stable if all of the poles of the denominator have negative real parts. Instead of explicitly calculating the roots, it is far easier to use Routh’s stability criterion, which says that all the roots have negative real parts if and only if the elements in the Routh array are positive. The elements in the Routh Array are the elements in the second column of the Routh table that is shown below. The Routh table is formed by putting the odd terms in the first row and the even terms in the second row. Note that the term with the highest power is considered to be the first term, and therefore an odd term. The lower rows are formed by taking the determinant of the 2 X 2 matrix formed by eliminating the column that the entry of interest is in, and dividing by the first entry in the row above the entry of interest. This is shown in Table 1. PLL Performance, Simulation, and Design  2001, Second Edition
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sn sn-1



dn dn-2 dn-1 dn-3 d • d − d n • d n−3 d • d n − 4 − d n • d n− 5 b1 = n− 1 n− 2 b2 = n −1 d n−1 d n−1 c1 =



Table 1



b1 • d n − 2 − b2 • d n b1



...



dn-4 dn-5 ...



... ... ...



...



...



A Generic Routh Table



Proof of Routh Stability for a Second Order Filter The second order loop filter is a special case of the third order loop filter in which T3 = 0. The Routh table for the second order filter is shown below: s3 s2



Table 2



T1 1 Kl (T2 – T1) K



T2l K K 0 0



Routh Table for Second Order Loop Filter



Now from the definition of K, it is clear that K>0. From the third row, this puts the restriction that T2 > T1. For a second order filter, this is always the case because: T 2 = R2 • C 2 C1 T 1=T 2 • C1 + C2 Theorem 1: Using real component values and the standard loop filter topology, it is impossible to design a second order loop filter which is unstable, provided that the loop bandwidth is sufficiently small to justify the continuous time approximation. So using the standard topology, it is impossible to design a loop filter that is unstable due to too low phase margin or poles in the right hand plane. This stability makes the second order filter a good choice when the VCO gain, charge pump gain, or N value drastically varies. Conditions for Third Order Routh Stability For the third order filter, it turns out that the Routh table is not so simple and that it is possible to design an unstable loop filter, regardless of loop bandwidth. Since the loop bandwidth decreases as the charge pump gain or VCO gain decreases, reducing these will eventually guarantee second order filter stability, and will always make a third order filter stable provided T2 > T1 + T3. For the purposes of simplifying the math in the Routh table, the following constant is introduced. T1+T 3 c= T1•T 2 •T 3
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s4 s3



T1l T3 T1 + T3 1− K c K • T 2 T 2 − T 1 −T 3  • •c−K c T2   K 1− c



1 T2l K K



K 0 0



0



0



K Table 3



Third Order Routh Stability Table



Substituting the definitions in for the constants c and K, and also using the leading elements in the third and fourth rows yields the constraints for third order filter stability: Kφ • Kvco T 1 +T 3 < N • ( C1+ C 2 + C 3 ) T 1 • T 2 • T 3 Kφ • Kvco T1+T 3 T 2 −T 1−T 3 < • N • ( C1+ C 2 + C 3 ) T 1 • T 2 • T 3 T2 However, these first constraint is redundant; therefore, the criteria for third order stability is: Kφ • Kvco T1+T 3 T 2 −T 1−T 3 < • N • ( C1+ C 2 + C 3 ) T 1 • T 2 • T 3 T2 This criteria implies that T2 > T1 + T3. Conclusion The conditions for stability of loop filters have been investigated. There is always the condition that the loop bandwidth be sufficiently narrow relative to the comparison frequency, but there is also the constraint that all the poles of the closed loop transfer function have negative real parts. For the second order filter, this was shown to always be the case, but for the third, there were real restrictions. The fourth order filter was not covered in this chapter, since its Routh Table is rather complicated in the general case. However, similar restrictions on the time constants, VCO gain, and charge pump gain exist for the fourth order filter. This chapter was actually inspired by the quest to find a filter that attenuated the spurs more. Notice that T2 must be larger than T1 or T3 for the PLL to be stable. Theoretically, if T3 or T1 is chosen larger than T2, then the spurs could be reduced significantly. This chapter on Routh Stability proves why this type of loop filter will never be stable. The zero T2 is necessary for stability because of the 1/s factor introduced by the VCO.
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18.



A Sample Loop Filter Analysis R3



VCO



R4



Kφ R2



C1



C3



C4



C2



ENTER PARAMETERS HERE Kφ



5. mA



C1



4. nF



R2



. 200kHz



Fcomp



Fout



. 100nF



C2



1. kΩ



. 900MHz C3



Kvco



. pF 1000



2. kΩ



R3



20



MHz volt



C4



. 100pF



R4



2. kΩ



CALCULATE PARAMETERS Fout



N



N



Fcomp



3



= 4.50010



DEFINE LOOP PARAMETERS a



R2 . R3 . R4 . C1. C2. C3 . C4



b



C1. C2 . R2 . R3 . ( C3



c



R2 . C2. ( C1



Z ( s)



G ( s)



C3



3



b .s



2



K φ . Kvco . Z ( s ) s G ( s)



CL ( s ) 1



C4)



C1



R4 . C4. ( C2. C3. R3 R3 . ( C1



C2) . ( C3



C2



C3



C1. C3. R3 C4 )



C4 C1. C2 . R2 )



R4 . C4. ( C1



C2



C3)



R2 . C2. s



1 s.( a .s



C4)



d



G ( s)



c .s



d)



Loop Filter Impedance Forward Loop Gain Closed Loop Gain



N
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BANDWIDTH AND PHASE MARGIN root( G ( x . 2. π . i )



Fc f



N, x)



Fc



= 3.641kHz



Loop Bandwidth



Fc



arg( G ( Fc . 2. π . i ) ) .



180



Phase Margin



180= 56.953



π



DISPLAY BODE PLOT . .. 50Fc . 1. Hz , 100Hz



x



Open Loop Gain and Phase Margin



100 90



Fc



80 70 60 50 40 30 20 10 0 10 20 30 40 50 100



Open Loop Gain Phase Margin



3 1 10



4 1 10



CALCULATE OPTIMIZATION INDEX k



1.. 1000



x



arg( G ( Fc . 2. π . i ) ) . max( x )



180



π



k



arg G



2. Fc



.k . 2.π . i



1000



. 180 180 π



4



180



= 82.720%



Optimization Index



Note here that the optimization index is the ratio of the phase margin divided by the maximum value that this function achieves. The power that it is raised to is arbitrary. A perfectly optimized filter will have an optimization index of 100%. For a second order filter, simulations show that choosing the optimization index to be 100% yields the fastest possible lock time. However, for third and higher order filters, simulations show that this is not exactly the criterion for optimal lock time, although it is a good rule of thumb.
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CALCULATE THE TRUE POLES AND ZERO T2
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The calculation of the zero, T2, is very easy. However, the calculation of the poles can be more involved. In order to solve for them, it is necessary to set up a system of three equations and three unknowns, which requires that a cubic polynomial be solved. This system comes from equating the coefficients in the loop filter impedance. In the case of a third order filter, the system is reduced to two equations and two unknowns, which requires a quadric polynomial to be solved. In the case of a second order filter, the pole can be directly solved for.
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PHASE NOISE PROFILE Noise1Hz
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Reference Spur Simulation User Enters These LeakageSpur_00 16.0 dbc This is a universal empirical constant 9. LeakageCurrent 10 amp Enter the leakage current of the PLL dbc PulseSpur_00 311 This is a part-specific constant Modulo 1 Fractional Modulus, enter '1' for Integer PLL Calculations Fspur
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Although it is possible to make some intelligent estimates of the reference spur levels, there will always be some variation between the estimated levels and the simulated levels. Note also that the spur level displayed is what is expected when the VCO tuning voltage is varied 0.5 volts from the power supply rails.
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Total Noise Properties PLLNoise ( f)
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TRANSIENT ANALYSIS User Enters these N value for f2 . f2 905MHz Final Frequency . f1 895MHz Starting Frequency . Hz tol 1000 Tolerance for Lock Time Measurments Calculations R3
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Conclusion This chapter has presented the analysis of the loop filter using concepts presented in previous chapters.
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Basic Prescaler Operation



Introduction Until now, the N counter has been treated as some sort of black box that divides the VCO frequency and phase by N. It could be implemented with a digital counter fabricated with a low frequency process, such as CMOS, if the output frequency of the VCO is low (200 MHz or less). However, if the VCO frequency is much higher than this, then a pure CMOS counter is likely to have difficulty dealing with the higher frequency. It is desirable to implement as much of the N counter in CMOS as possible, for lower cost and current consumption. To resolve this dilemma, prescalers are often used to divide down the VCO frequency to something that can be handled with lower the frequency processes. Prescalers often divide by some power of two, since this makes them easier to implement. The most common implementations of prescalers are single modulus, dual modulus, and quadruple modulus. Of these, the dual modulus prescaler is most commonly used. Single Modulus Prescaler For this approach, a single high frequency divider placed in front of a counter. In this case, N = al P, where a can be changed and P is fixed. One disadvantage of this prescaler is that only N values that are an integer multiple of P can be synthesized. Although the channel spacing can be reduced to compensate for this, doing so increases phase noise substantially. This approach also is popular in high frequency designs (>3 GHz) in which a fully integrated PLL can not be fabricated totally in silicon. In this case, divide by two prescalers made with the GaAs or SiGe process can be used in conjunction with a PLL. Single modulus prescalers are also sometimes used in older PLLs and low cost PLLs.
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Dual Modulus Prescaler In order not to sacrifice frequency resolution, a dual modulus prescaler is often used. These come in the form P/(P+1). For instance, a 32/33 prescaler has P = 32. At first a fixed prescaler of size P+1, which is actually a prescaler of size P with a pulse swallow circuit, is engaged for a total of a cycles. Since the A counter activates the pulse swallow circuitry, it is often referred to as the swallow counter. It takes a total of al (P+1) cycles for the A counter to count down to zero. Then the B counter starts counting down. Since it started with b counts, the remaining counts would be (b – a). The size P prescaler is then switched in. This takes (b-a)l P counts to finish up the count, at which time, all of the counters are reset, and the process is repeated.
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Notice that b>=a, in order for proper operation, otherwise the B counter would prematurely reach zero and reset the system. For this reason, N values that yield b=a is automatically satisfied. The lower bound, L, such that all N values are legal provided N>=L is referred to as the minimum continuous divide ratio. Quadruple Modulus Prescalers In order to achieve a lower minimum continuous divide ratio, the quadruple modulus prescaler is often used. In the case of a quadruple modulus prescaler, there are four prescalers, but only three are used to produce any given N value. Commonly, these four prescalers are of values P, P+1, P+4, and P+5, and are implemented with a single pulse swallow circuit and a four-pulse swallow circuit. The N value produced is:
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N = P •c+4 •b +a a = N mod P c = N div P N −c • P−a b= 4 The following table shows the three steps and how the prescalers are used in conjunction to produce the required N value. Regardless of whether or not b>=a, the resulting N value is the same. Note that the b>=a restriction applies to the dual modulus prescaler, but not the quadruple modulus prescaler. The restriction for the quadruple modulus prescaler is c >= max{ a, b }. Step



1



2



3



Table 1



If b>=a Description Counts Required The P+5 prescaler is engaged in order to al(P+5) decrement the A counter until a=0. The P+4 prescaler is (b-a)l(P+4) engaged in order to decrement the B counter until b=0. (c-b)lP The P prescaler is engaged in order to decrement the C counter until c=0.



If b=a+2, instead of b>=a, which is typical of integer N PLLs. Phase noise and spurs can also be impacted by the choice of prescaler as well as by the Vcc voltage to the part. Fractional N PLLs are not for all applications and each fractional N PLL has its own tricks to usage. Reference [1] Best, Roland E., McGraw-Hill, 1995



166



Phase Locked Loop Theory, Design, and Applications, 3rd ed,



PLL Performance, Simulation, and Design  2001, Second Edition



21.



Other PLL Design and Performance Issues



Introduction This is a collection of small topics that have not been addressed in other chapters. Included topics are N counter determination, the relationship between phase margin and peaking, and counter sensitivity.
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N Counter Determination N Value Determination for a Fixed Output Frequency PLL In the case that the output frequency of the PLL is to be fixed, the choice of a comparison frequency may not be so obvious. The comparison frequency should always be chosen as large as possible. Recall the relationship between comparison frequency and output frequency: N Fout =   • Xtal R It therefore follows that: N Fout = R Xtal Since the output frequency and crystal frequency are both known quantities, the right hand side of this equation is known and can be reduced to a lowest terms fraction. Once this lowest terms fraction is known, the numerator is the N value and the denominator is the R value. If this solution results in illegal N divider ratios, or comparison frequencies that are higher than the phase detector can operate at, then double the N and R values. If there are still problems, then triple them. Keep increasing these quantities until there are no illegal divide ratios and the comparison frequency is within the specification of the part. In the case where there is freedom to choose the crystal frequency, it is best to choose it so that it has a lot of common factors with the output frequency so that the N value is as small as possible.
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Variation of Loop Bandwidth with N counter Value, VCO Gain, and Charge Pump Gain Note that there is a factor of 1/s multiplying the VCO gain, which converts the VCO output from voltage to phase. This gets multiplied by an additional factor of 1/s from transfer function of the loop filter. There are also poles and zeros in this transfer function. The poles should be much greater than the loop bandwidth, and therefore really do not have a large contribution at the frequency equal to the loop bandwidth. There is also a zero in the transfer function and this zero does have some contribution near the loop bandwidth, but this contribution usually small relative to the 1/s2 term that comes from taking the 1/s from the transfer function and multiplying this by the 1/s from the VCO gain. From this, it can be concluded that the loop bandwidth is roughly inversely proportional to the square root of the N value. It also follows that the loop bandwidth is roughly proportional square root of the VCO gain and also proportional to the square root of the charge pump gain. It may seem at first that disregarding the poles and zeros of the filter seems like a bold assumption, but simulation and actual testing show that it is not that rough of an assumption. To summarize these results: ωc 2 Kφ 2 Kvco 2 N1 = • • N2 Kφ 1 Kvco1 ωc 1 N Value to Design for When the Output Frequency is a Range From the above equation, it can be seen that the loop bandwidth is roughly inversely proportional to the square root of the N value, so it therefore follows that designing the N value for the geometric mean of the minimum and maximum values minimizes the variation of the loop bandwidth of the PLL from the value for which it was designed. In summary, design for: N = N min• N max Phase Margin, Stability, and Peaking The phase margin is related to the stability of the system and a higher phase margin implies more stability. This can be seen by looking at the roots of the closed loop transfer function and tracking how negative the real parts of these roots are. The specific details on this are beyond the scope of this text. On the spectrum analyzer, if the phase margin is very low, then the loop filter response will show a peaking. This section explains why. Recall that the closed loop transfer function is of the form: G( s ) CL( s )= 1 + G( s ) N Of special interest is at the point where the magnitude of G(s)/N = 1. The frequency where this occurs is, by definition, the loop bandwidth. The phase of G(s)/N evaluated at the loop bandwidth is also of interest . If this phase is 180 degrees, then the transfer function would have an infinite value and would be unstable. If the phase was zero degrees, then there would be a minimal amount of peaking and maximum stability. Phase margin is therefore defined as the amount of margin on the phase which would be 180 degrees minus the phase of G(jl ω c)/N. In practice, loop filters with less than 20 degrees phase margin are likely to show instability problems and filters above 80 degrees phase margin have yield components that unrealistic because they are too large, or are negative.
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Second order formulas for lock time calculations imply that the lower phase margins imply a faster lock time, but when all poles and zeros are considered, it turns out that the optimal lock time is for phase margins in the 45 to 50 degree range. On the Pitfalls of Sensitivity Sensitivity is a feature of real world PLLs. The N counter will actually miscount if too little or too much power is applied to the high frequency input. The limits on these power levels are referred to as the sensitivity. The PLL sensitivity changes as a function of frequency. At the higher frequencies, the curve degrades because the of process limitations, and at the lower frequencies, the curve can also degrade because of problems with the counters making thresholding decisions (the edge rate of the signal is too slow). At the lower frequencies, this limitation can sometimes be addressed by running a square wave instead of a sine wave into the high frequency input of the PLL. Sensitivity can also change from part to part, over voltage, or over temperature. When the power level of the high frequency input approaches sensitivity limits, this can introduce spurs and degradation in phase noise. When the power level gets even closer to this limit, or exceeds it, then the PLL loses lock. Power Level (dbm)



Upper Sensitivity Limit



Useful Operating Range of the PLL Semiconductor Chip Lower Sensitivity Limit Frequency Figure 1



Typical Sensitivity Curve for a PLL



The sensitivity curve applies to both the desired signal from the VCO and all of its harmonics. VCO harmonics can especially be troublesome when a part designed for a very high operating frequency is used at a very low operating frequency. Unexpected sensitivity problems can also be agitated by poor matching between the VCO output and the high frequency input of the PLL. Although sensitivity issues are most common with the N counter, because it usually involves the higher frequency input, these same concepts apply to the R counter as well. In order to for the sensitivity of the PLL to be tested in production, it is necessary to have access to the R and N counters. These test modes are also an excellent way of diagnosing and debugging sensitivity problems. Sensitivity related problems also tend to show a strong dependence on the Vcc voltage and temperature. If poor impedance matching is causing the sensitivity problem, then sometimes pressing one’s finger on the part will temporarily make the problem go away. This is because the input impedance of the part is being impacted.
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Sensitivity problems with either the N or R can cause spurs to appear, increase phase noise, or cause the PLL to tune to a different frequency than it is programmed to. In more severe cases, they can cause the PLL to steer the VCO to one of the power supply rails. N counter sensitivity problems usually cause the VCO to go higher than it should. R counter sensitivity problems usually cause the PLL to tune lower than it should. In either case, the VCO output is typically very noisy. Figure 2 shows a PLL locking much lower than it is programmed to lock due to an R counter sensitivity problem. It is also possible for the N counter to track a higher harmonic of the VCO signal, which causes the PLL to tune the VCO lower than it should. This problem is most common when parts are operated at frequencies much lower than they are designed to run at. One should be aware that it is possible to be operating within the datasheet specifications for sensitivity with a few dB of margin, and still have degraded phase noise as a result of a sensitivity problem. This is because the datasheet specification for sensitivity is a measurement of when the counters actually miscount, not when they become noisy. MKR 1.626 747 GHz REF -14.3 dBm 10
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PLL Locking to Wrong Frequency Due to R Counter Sensitivity Problem



Conclusion and Author’s Parting Remarks This chapter has addressed some of the issues not addressed in other chapters. The reader who has reached this point in this book should hopefully have an appreciation on how involved PLL design and simulation can be. It was the aim of this book to tell the reader everything they wanted to know, and things they probably never cared to know about the designing and simulating a PLL frequency synthesizer. However, there are still many other topics that have been left out. The concepts presented in this book have come from a solid theoretical understanding backed with measured data and practical examples. All of the data in this book was gathered from various National Semiconductor Synthesizer chips, which include the R counter, N counter, charge pump, and phase-frequency detector.
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Glossary and Abbreviation List



ATTEN The attenuation index, which is intended to give an idea of the spurious attenuation added by the components R3 and C3 in the loop filter of other loop filter design papers, but not this book. Also used in reference to the attenuation of a resistive pad in dB. Channel and Channel Spacing In many applications, a set of frequencies is to be generated that are evenly spaced apart. These frequencies to be generated are often referred to as channels and the spacing between these channels is often referred to as the channel spacing. Charge Pump Used in conjunction with the phase-frequency detector, this device outputs a current of constant amplitude, but variable polarity and duty cycle. It is usually modeled as a device that outputs a steady current of value equal to the time-averaged value of the output current. Closed Loop Transfer Function , CL(s) (see Figure 3) G( s ) 1 This is given by , where H= and G(s) is the Open Loop Transfer Function 1 + G( s ) • H N Comparison Frequency, Fcomp (see Figure 1) The crystal reference frequency divided by R. This is also sometimes called the reference frequency. Continuous Time Approximation This is where the discrete current pulses of the charge pump are modeled as a continuous current with magnitude equal to the time-averaged value of the current pulses. Control Voltage , Vtune (see Figure 1) The voltage that controls the frequency output of a VCO. Crystal Reference, Xtal (see Figure 1) A stable and accurate frequency that is used for a reference. Damping Factor , ζ (see Figure 5) For a second order transient response, this determines the shape of the exponential envelope that multiplies the frequency ringing. Dead Zone This is a property of the phase frequency detector caused by component delays. Since the components making up the PFD have a non-zero delay time, this causes the phase detector to be insensitive to very small phase errors.
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Dead Zone Elimination Circuitry This circuitry can be added to the phase detector to avoid having it operating in the dead zone. This usually works by causing the charge pump to always come on for some minimum amount of time. Fractional Modulus The fractional denominator used for in the fractional word. Fractional N PLL A PLL in which the N divider value can be a fraction. Fractional Spur Spurs that occur in a fractional N PLL at multiples of the comparison frequency divided by the fractional modulus that are caused by the PLL. Frequency Jump, Fj (see Figure 5) When discussing the transient response of the PLL, this refers to the frequency difference between the frequency the PLL is initially at, and the final target frequency. Frequency Synthesizer This is a PLL that has a high frequency divider (N divider), which can be used to synthesize a wide variety of signals. Frequency Tolerance In regards to calculating or measuring lock time, this is the frequency error that is acceptable. If the frequency error is less than the frequency tolerance, the PLL is said to be in lock. Typical values for this are 500 Hz or 1 KHz. G(s) This represents the loop filter impedance multiplied by the VCO gain and charge pump gain, divided by s. Kφ • Kvco G( s ) = • Z( s ) s Kvco The gain of the VCO expressed in MHz/V. Kφ φ This is the gain of the charge pump expressed in mA/(2π radians) Locked PLL A PLL such that the output frequency divided by N is equal to the comparison frequency within acceptable tolerances.
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Lock Time (see Figure 5) The time it takes for a PLL to switch from an initial frequency to a final frequency for a given frequency jump to within a given tolerance. Loop Bandwidth , ω c (see Figures 2,3, and 4) The frequency at which the magnitude of the open loop transfer function is equal to 1. ωc is intended to be the true loop bandwidth, while ωp is an mathematical approximation to ωc. Loop Filter A low pass filter that takes the output currents of the charge pump and turns them into a voltage, used as the tuning voltage for the VCO. Z(s) is often used to represent the impedance of this function. Although not perfectly accurate, some like to view the loop filter as an integrator. Modulation Domain Analyzer (see Figure 5) A piece of RF equipment that displays the frequency vs. time of an input signal. Modulation Index , β This is in reference to a sinusoidally modulated RF signal. The formula is given below, where F(t) stands for the frequency of the signal. F ( t )= const .+ Fdev • cos( ω m • t ) β=



Fdev ωm



Natural Frequency , ω n (see Figure 5) For a second order transient response, this is the frequency of the ringing of the frequency response. Open Loop Transfer Function , G(s) (see Figure 2) The transfer function which is obtained by taking the product of the VCO Gain, Charge Pump Gain (This includes the Phase Detector Gain) and Loop Filter Impedance divided by N. Kφ • Kvco • Z ( s ) G( s ) = N•s Overshoot (see Figure 5) For the second order transient response, this is the amount that the target frequency is initially exceeded before it finally settles in to the proper frequency Phase Detector (see Figure 1) A device that produces an output signal that is proportional to the phase difference of its two inputs. Phase-Frequency Detector (see Figure 1) Very similar to a phase detector, but it also produces an output signal that is proportional to the frequency error as well.
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Phased Locked Loop, PLL (see Figure 1) A circuit that uses feedback control to produce an output frequency from a fixed crystal reference frequency. Note that a PLL does not necessarily have an N divider. In the case that it does, it is referred to as a frequency synthesizer, which is the subject of this book. Phase Margin, φ 180 degrees minus phase of the open loop transfer function at the loop bandwidth. Loop filters are typically designed for a phase margin between 30 and 70 degrees. Simulations show that around 48 degrees yields the fastest lock time. The formula is given below: φ = 180 − ∠C ( j • ωc ) Phase Noise (see Figure 4) This is noise on the output phase of the PLL. Since phase and frequency are related, it is visible on a spectrum analyzer. Within the loop bandwidth, the PLL is the dominant noise source. The metric used is dBc/Hz (decibel relative to the carrier per Hz). This is typically normalized to a 1 Hz bandwidth by subtracting 10*(Resolution Bandwidth) of the spectrum analyzer.



Phase Noise Floor This is the phase noise minus 20l log(N). Note that this is generally not a constant because it tends to be dominated by the charge pump, which gets noisier at higher comparison frequencies. Prescaler Frequency dividers included as part of the N divider used to divide the high frequency VCO signal down to a lower frequency. N Divider (see Figure 1) A divider that divides the high frequency (and phase) output by a factor of N. R Divider (see Figure 1) A divider that divides the crystal reference frequency (and phase) by a factor of R. Reference Spurs Undesired frequency spikes on the output of the PLL caused by leakage currents and mismatch of the charge pump that FM modulate the VCO tuning voltage. Resolution Bandwidth , RBW See definition for Spectrum Analyzer. Sensitivity Power limitations to the high frequency input of the PLL chip (from the VCO). At these limits, the counters start miscounting the frequency and do not divide correctly. Smith Chart A chart that shows how the impedance of a device varies over frequency.
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Spectrum Analyzer, SA (see Figure 4) A piece of RF equipment that displays the power vs. frequency for an input signal. This piece of equipment works by taking a frequency ramp function and mixing it with the input frequency signal. The output of the mixer is filtered with a bandpass filter, which has a bandwidth equal to the resolution bandwidth. The narrower the bandwidth of this filter, the less noise that is let through. Spurious Attenuation (see Figure 3) This refers to the degree to which the loop filter attenuates the reference spurs. This can be seen in the closed loop transfer function. Spur Gain, SG This refers to the magnitude of the open loop transfer function evaluated at the comparison frequency. This gives a good indication of how the reference spurs of two loop filters compare. T31 Ratio This is the ratio of the poles of a third order loop filter. If this ratio is 0, then this is actually a second order filter. If this ratio is 1, then this turns out to be the value for this parameter that yields the lowest reference spurs. Temperature Compensated Crystal Oscillator, TCXO A crystal that is temperature compensated for improved frequency accuracy Tolerance, tol (see Figure 5) The acceptable frequency error to within which the PLL is considered locked. Varactor Diode This is a diode inside a VCO that is reverse biased. As the tuning voltage to the VCO changes, it varies the junction capacitance of this diode, which in turn varies the VCO voltage. Voltage Controlled Oscillator, VCO (see Figure 1) A device that produces an output frequency that is dependent on an input (Control) voltage.
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Open Loop Response of a PLL
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Typical Closed Loop Transfer Function for a PLL
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Typical Phase Noise Spectral Plot for a PLL
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Typical Transient Response of a PLL
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Abbreviation List Loop Filter Parameters C1, C2, C3, and C4 CL(s) f Fc Fcomp Fj Fout Fp Fr Fspur G(s) H i, j Kφ Kvco N PLL R R2, R3, and R4 s T2 T1, T3, T4 T31 T41 tol Vcc Vdo VCO Vpp XTAL Z(s)



Loop filter capacitor values Closed loop PLL transfer function Frequency of interest in Hz Loop bandwidth in KHz Comparison frequency Frequency jump for lock time VCO output frequency VCO frequency divided by N XTAL frequency divided by R Spur Frequency Loop filter transfer function PLL feedback, which is 1/N The complex number − 1 Charge pump gain in mA/(2π radians) VCO gain in MHz/V The N counter Value Phased Locked Loop The R counter Value Loop filter resistor values Laplace transform variable = 2πlflj The zero in the loop filter transfer function The poles in the loop filter transfer function The ratio of the pole T3 to the pole T1 The ratio of the pole T4 to the pole T1 Frequency tolerance for lock time The main power supply voltage The output voltage of the PLL charge pump Voltage Controlled Oscillator The power supply voltage for the PLL charge pump Crystal Reference or Crystal Reference Frequency Loop filter impedance



Greek Symbols β φ φr φp ω ωc ωn ζ



The modulation index The phase margin The XTAL phase divided by R The VCO phase divided by N The frequency of interest in radians The loop bandwidth in radians Natural Frequency Damping Factor
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Useful Websites and Online RF Tools



http://www.anadigics.com/engineers/Receiver.html Online receiver chain analysis tool for calculation of gain, noise figure, third order intercept point, and more. http://www.emclab.umr.edu/pcbtlc/microstrip.html This is an online microstrip impedance calculator that is useful in calculating the impedance of a PCB trace. It is very easy to use and also can be used to calculate the desired trace width in order to produce a desired impedance http://www.geocities.com/szu_lan/ The author’s personal website with both personal and professional information. http://home.rodchester.rr.com/lascari/lancepll.zip Lance Lascari’s Mathcad PLL Analysis Software. This does require mathcad to run, but has some excellent phase noise analysis tools in it. http://www.rfcafe.com RF Café has an online discussions, definitions, and RF Tools. http://rf.rfglobalnet.com/software_modeling/home.htm RF Globalnet has an online discussion forum and also has a lot of free RF simulation tools that can be downloaded. http://www-sci.lib.uci.edu/HSG/RefCalculators.html Jim Martindale’s calculators for everything you can think of. http://www.treasure-troves.com The “Rolls Royce” of mathematics online reference site on the web. There is also a corresponding book, which is excellent. Compiled by Eric Weisstein. http://wireless.national.com National Semiconductor’s wireless portal site with EasyPLL program largely based on this book. There is also a lot of other useful information and RF tools there too.



PLL Performance, Simulation, and Design  2001, Second Edition



185



























des documents recommandant







[image: alt]





PLL - Educypedia 

Aug 12, 1999 - The Modern Phase Frequency Detector with Charge Pump and its Advantages ... It is usually sufficient to model this current as an analog current with the ...... a parameter of concern in digital communication systems, especially .... In










 


[image: alt]





Microphone Handbook - Educypedia 

Phone: 800-828-8840 Fax: 716-684-0987 Email: [email protected] www.pcb.com. ISO 9001 CERTIFIED A2LA Accredited to ISO 17025 AS9100 CERTIFIED. 1.










 


[image: alt]





PLL VFO 

The output level to the mixer should be about 3 Vpp. This PCB also contains the 7810 power ... It uses a BF960 mosfet as a mixer and a ... and L5 (9 turns, 0.5 mm wire on a T44-6 core, 0.34 ÂµH) with a buffer stage (2N2222 transistor). L3.










 


[image: alt]





Driving DC motors - Educypedia 

Figure 1 illustrates driving a DC motor using a power MOS bridge. ... checks the current level by monitoring the sense resistor voltage and then drives the ...










 


[image: alt]





AN178 Modeling the PLL 

Dec 3, 1988 - signal path and a voltage-controlled oscillator (VCO) in the feedback path. The block diagram ..... For the simple first-order lag filter of Figure 6b, the capture range ..... 567 are temperature-compensated over the entire military.










 


[image: alt]





PLL Alignment - QSL.net 

PLL LO. â€¢ Frequency display: 8.0000MHz. PLL. Connect an RF Voltmeter. Adjust. OUTPUT. â€¢ LSB General mode to L13. to maximum. LEVEL output: 400mV-.










 


[image: alt]





Integer-N PLL Basics 

and N+1 in the correct proportion, an average division ratio can be realized that is N plus ...... Frequency Division Multiplex mode in which each channel has a dedicated frequency, all channels are changed ..... space saving and economy.










 


[image: alt]





HV pOHFWUR DLPDQWV - Educypedia 

Les applications des électro-aimants sont très nombreuses. Citons les plus importantes : • relais et contacteurs ;. • embrayages et freins ;. • électro-aimants de ...Missing:










 


[image: alt]





AN178 Modeling the PLL 

Dec 3, 1988 - Notice that when the loop is in lock, the difference ..... It is recommended to use ... frequency, and the second counter is used for the VCO.










 


[image: alt]





Dolby Surround Mixing Manual - Educypedia 

2005 Dolby Laboratories, Inc. All rights reserved. .... Chapter 3 System Installation . ... 3.3.2 Recording Setup with Surround-Ready Monitor Section of Console.... 3-5 ...... For projects that involve preparing soundtracks for later film mixing and 










 


[image: alt]





PLL Synthesized Scanning Receiver - TSF70 

This equipment has been tested and found to comply with the limits ..... *When using the receiver on batteries, unplug the AC power adaptor ...... buildings. Try listening near a window. *Certain frequencies may be difficult to receive due to interna










 


[image: alt]





Integer-N PLL Basics 

Fractional Spurious: Accumulator Only (2F Jumps Broken Line) and Analog ...... any product or service without notice, and advise customers to obtain the latest ...










 


[image: alt]





PLL Frequency Synthesizer MC145106 - F5AD 

The device contains an ... The circuit provides a 5.12 MHz output signal, which can be ... controlled from a mechanical switch or electronic circuitry. .,. ... used for design purposes but is intended as an indication of the IC'Spotential performance










 


[image: alt]





design of crystal oscillator circuits - Educypedia 

The result of the compensation is given in Figure 7 in the form of a dashed line. The locus is symmetric to the real axis, however, there exist two parallel ...










 


[image: alt]





PLL stereo decoder - Matthieu Benoit 

Jun 2, 1989 - switch for radio or cassette function and a 228 kHz voltage-controlled ... is prevented by the use of two demodulators, one driven by the 38 kHz ...










 


[image: alt]





Dolby 5.1-Channel Music Production Guidelines - Educypedia 

With the advent of high-quality multichannel consumer music formats, 5.1-channel music producers may benefit from a standardized set of production practices.










 


[image: alt]





HV FLUFXLWV PDJQpWLTXHV HQ UpJLPH ... - Educypedia 

Ntu f )(. )( )( )( 2. 2. 2. 2. 2. 2 Ï† Ï† Ï†. âˆ’. = = Le milieu oÃ¹ apparaissent les fuites est linÃ©aire puisque amagnÃ©tique (air). On dÃ©finit donc l'inductance de fuite au ...










 


[image: alt]





Dolby 5.1-Channel Music Production Guidelines - Educypedia 

With the advent of high-quality multichannel consumer music formats, 5.1-channel music producers may benefit from a standardized set of production practices.










 


[image: alt]





nouvelles applications du correlateur cinqport pll 

Read and Save Ebook nouvelles applications du correlateur cinqport pll recuperation de porteuse et un modem as PDF for free at. Online Ebook Library.










 


[image: alt]





PLL Frequency Synthesizer Family MC145151-2 ... - F5AD 

MC145151â€“2 through MC145158â€“2. MOTOROLA. 1. PLL Frequency Synthesizer. Family. CMOS. The devices described in this document are typically used as ...










 


[image: alt]





A Fast Locking Scheme for PLL Frequency 

bands and a higher integrated phase noise for the locked condition An examination .... grated PLL IC The Kw term was chosen to complete the transformation ... SUMMARY ... support device or system whose failure to perform can into the body ...










 


[image: alt]





PLL Frequency Synthesizer Family MC145151-2 ... - ee.sharif.edu 

a prescaler can be used between the VCO and the synthesizer IC. These frequency ..... input range of the op amp used in the combiner/loop filter. REF. OSC.










 


[image: alt]





H WUDQVIRUPDWHXU PRQRSKDVp HQ UpJLPH ... - Educypedia 

RÃ©sumÃ©. Dans la lignÃ©e des applications industrielles, le transformateur s'inscrit en suite logique de la bobine Ã  noyau de fer. Cette machine statique comporte ...










 


[image: alt]





Tektronix: Applications > PAL Systems, Television ... - Educypedia 

Two basic types of television test ... Most models also have a line selector for looking at signals in the ..... are most frequently used (see ...... words, there is a nonlinear rela- ...... People's Republic of China (86) 10-62351230; Republic of Ko










 














×
Report PLL - Educypedia





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



