1-WIRE IN A TRANSMISSION LINE ENVIRONMENT





Questions common from new comers to the 1-Wire® include “How far can I extend the net?”; “How many slaves can exist on it?”; and “Can I use a ‘star’ configuration?”. The seemingly uncertain answers to these questions are rooted in the 1-Wire master/slave design specifications that called for a simple and inexpensive bus architecture. 1-Wire slaves use a ‘bare-drain’ I/O structure reminiscent of that used by the old ‘open-collector’ Diode-Transistor-Logic (DTL) gates of the 1960s. As the name implies, this structure consists of an n-channel FET (or bipolar NPN) pull-down transistor with a passive resistor pull-up. While this structure allows multiple paralleling of slaves on a single pair of conductors, it does not allow for the bus to be terminated in its characteristic impedance. To understand the effect this inability to properly terminate the bus has on the given questions we need to comprehend how the signal properties of the wiring between the master and slaves responds when the rise or fall time of a signal occurs in less time than it takes for this transition to propagate to the end of the cable. That is, when 1-Wire net communication occurs in a transmission line environment. 





To understand how lack of signal integrity can affect the 1-Wire net, it is first necessary to understand how a bus master communicates with a slave over a single twisted pair cable. Power is supplied to the slaves during idle communication periods and at bit times when the bus is in its default logic one (+5V) state. During these bus high intervals, each slave stores energy by charging an internal capacitor that serves as its power source when the bus is in the logic zero (GND) state. Every slave also contains its own internal oscillator that is synchronized by each falling edge of the bus master. The master reads and writes to a slave by pulling the line low for either long or short intervals that represent logic ones and zeros. A slave replies by continuing to hold the line in the logic zero state -or not- after the master releases it at which time a passive pull-up resistor pulls the line high. If the noise level (crosstalk, glitches, etc.) on the bus is sufficient to cause a slave to count an extra clock edge, the slave losses synchronization to the master and communication ceases. In the case where a 1-Wire net is long enough that it is operating in a transmission line environment, additional ‘noise’ is created in the form of reflections at each discontinuity, such as a slave or connection, along the line and at its unterminated end. If a simple 1-Wire device such as the DS2401 is affected by the reflections, it simply loses communication with the bus master for that interval. However, if a slave that has control or memory functions is affected, not only could communication be lost, but the system adversely affected by unwanted changes to the slave’s function.








SOME TRANSMISSION LINE BEHAVIOR


If the time it takes a signal to switch between voltage levels (transition time) is less than the time it takes for the signal to travel the length of the line and return, a transmission line environment exists.





Signals on a transmission line propagate at the speed of light in the media, ~18cm/nsec (7in./nsec).





A signal transition that instantaneously switches between two levels is termed a step function. When a step function (Vsig) is introduced to a transmission line, it initially propagates at a level equal to the source impedance divided by the line impedance (Z0). That is:


Vsiq = Vinit (Zsource/Z0)        Equation 1





If the impedance across the end of the line is higher than the natural impedance of the line (Z0), a step function will be reflected with the same magnitude and polarity as the incident signal. This is typically what occurs when a data transition arrives at the unterminated end of a 1-Wire net.





If the impedance across the end of the line is lower than the natural impedance of the line (Z0), a step function will be reflected with the same magnitude but of opposite polarity as the incident signal. This is typical of what happens at the master end of a 1-Wire net due to the low impedance of the FET.





When a step function (Vsig) is introduced to a transmission line from a matched source (Z0), it travels down the line until it encounters an impedance mismatch (Z1). At that point the signal will split into reflected (Vrflec) and transmitted (Vtrans) fractions. The reflected portion (Vrflec) travels back toward the driver, while the transmitted portion (Vtrans) continues down the line in the original direction. This phenomena occurs at each slave and connection positioned along the length of the 1-Wire net.The relationship between (Vtrans) and (Vrflec) is given as:


Vtrans = Vsig + Vrflec                    Equation 2





Vrflec = Vsig (Z1-Z0) / (Z1 + Z0)                Equation 3








EXAMPLE ONE.  A PROPERLY TERMINATED LINE


Consider the properties of two conductors such as the CAT 5 cable Dallas Semiconductor recommends for use on the 1-Wire net. This twisted pair cable is characterized as having an impedance of 100 Ohms. (See Addendum for wire data.) If a zero to 5V step function is introduced to the left-hand end of the cable from a 100( source, the signal will propagate through to the right-hand end where it will be smoothly absorbed without reflections –assuming a 100( resistance is across the ends. In the absence of the 100( terminating resistance, however, only half the step function amplitude will exist on the line until it reaches the right-hand end where it will then jump to full swing and be reflected back toward the start! When this reflection (echo) arrives back at the 100( source at the left-hand end it will be smoothly absorbed without reflections.
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FIGURE 1 To achieve the best performance a cable can provide, drive it with signal source of equal impedance and terminate the opposite end in the cable’s characteristic impedance.








EXAMPLE TWO.  WITH A SINGLE 1-WIRE SLAVE AT THE END OF LINE


With these facts in mind, consider what occurs when the 1-Wire master is a n-channel MOSFET without slew-rate control and the ‘end termination’ is a single 1-Wire slave. The normal quiescent state of the 1-Wire net is 5V with communication starting when the master pulls the line low. For convenience sake, we will assume the on-resistance of the FET to be 10(, only one-tenth the 100( impedance of the cable. Since the FET acts as a switch, it can pull the line to ground in 10 nanoseconds or less creating a negative transition that goes below ground. For practical purposes this transition represents a step function as previously described, meaning that 1-Wire communication would be occurring in a transmission line environment for any cable length exceeding about six feet (2m). When this signal reaches the 1-Wire slave at the other end of the cable it sees an unterminated line as the slave is quiescence and in a high impedance state. At this point two things happen closely in time, the signal is reflected by the unterminated open end of the cable and the slave responds to the signal by turning on its internal pull down transistor assuming 1-Wire communication is in process. The mismatch between the the 50( on-resistance of this transistor with the natural impedance of the cable generates a perturbation that sends a second small step of oppose polarity following the first reflection. When these reflections arrive back at the master and see the mismatched impedance of the FET they are again reflected as opposite polarity steps. This oscillatory condition will continue until the signal dies out exponentially due to losses in the cable.
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Figure 2 Even a simple 1-Wire net can end up operating in a transmission line environment due to the fast pull down edge of a FET and a impedance mismatch.








EXAMPLE THREE.  WITH ONE SLAVE AT MIDPOINT AND SECOND SLAVE AT LINE END


Again using a plain n-channel MOSFET pull down transistor with 10 Ohms on-resistance as the signal source we launch a step function down the line. When the transition reaches midpoint on the line, it encounters a discontinuity due to the 1-Wire slave which causes the signal to split into a reflected signal which travels back toward the master, and the remnant of the original signal that continues down the line. Given that the propagation time for both signals is identical, the reflected signal arrives back at the master and is reflected as a negative step at the same time that the remnant of the original arrives at the cable end and second slave and is reflected in the same manner as described in Example one. Notice that the reflected signal from each end of the line are now advancing toward each other and will arrive simultaneously at the midpoint slave. The case where both reflections arrive simultaneously only occurs at the midpoint making it unique, at all other points on the line a slave will see the two reflections at different times. If the slave is passive, that is, not communicating and in a high impedance state, two new signals will be generated –one new reflection from each of the two original signals making a total of four signals now transversing the line. How the interaction of these two affect the slave depends on a number of variables including the physical length of the line, whether communication is in progress with the master, the amplitude of the reflections and the thresholds of the slave. From this example it should be apparent that placing 1-Wire slaves at integer fractions of the line length can lead to difficulties. And the reason moving a slave a short distance in either direction from where it is non-responding can result in reliable communication.
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FIGURE 3 Any discontinuity on the line, including slaves can cause reflections. Locations that are at integer fractions of the line length are particularly problematic as they can resonant.
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In addition to the adverse effects on communication that can occur due to placement of slaves at integer fractions of the line length, slaves that are located one-quarter of the length of the cable from an end are susceptible to resonant effects. For example, a 1MHz signal has a wavelength 300m long, consequently a 1-Wire net of this length will be both a radiator and a receiver for signals with this frequency content. If a slave is placed 75m from either cable end it will be exposed to the maximum signal amplitude of a signal at the tuned frequency as illustrated in Figure 4.


FIGURE 4  Placing slaves at one-fourth the length of the cable can lead to communication problems.








AND THE ANSWERS ARE:


Given the foregoing elementary introduction to transmission line effects, what are the answers to the questions given at the beginning?


“How far can I extend the net?” and “How many slaves can exist on it?”


Several factors determine how long the cable for the 1-Wire net can extend, all of which were not covered in the preceding. One important factor not mentioned is line loading this consists not only of the number of slaves on the line (the second question) but the loading due to the cable itself. Slaves add about 30pF apiece while CAT 5 cable adds almost 50pF/m (See Addendum) which increases the interval of time required for a passive pull-up to return the line to a valid logic one value. As this interval increases, there comes a time when the voltage on the line will not reach a level sufficient to recharge the internal energy capacitor in one or more slaves. These will then effectively cease to exist on the net. As a rule of thumb, when using a 1-Wire adapter such as the DS9097U, limit the maximum value of capacitance to 10,000pF or less. For example, twenty slaves would load the line with 600pF (30pF x 20 = 600pF) leaving 9,400pF for the cable. Dividing this value by 50pF/m gives 188m for the maximum suggested line length. 





Given twenty slaves on the net and recalling the transmission line effects discussed in the preceding it is evident that where these are located on the line will have a large bearing on communication reliability. In a system that consists of a single close grouping of slaves at one end with a remote master, reflections between individual slaves are less of a problem. However, a more typical system would have small numbers of slaves grouped at staggered intervals along the cable. Since, as has been discussed, the line can not be properly terminated and slaves act as discontinuities on the line, reflections will be a problem.





Propagation time on the cable is also a factor, as a slave nearer to the master will see a command such as a RESET earlier than one more distant. In reply a slave will generate a Presence Pulse with a slew rate that places the net in a transmission line environment for line lengths greater than three meters. Given our example of 188m with twenty slaves it takes a little over 1(S (0.18cm/nSec times 5.55 times 188m) for the RESET from the master to reach a slave situated at cable end. The other nineteen slaves will have seen the command and started sequencing to respond before this last device even receives it! Therefore, a slave next to the master will transmit it’s Presence Plus about 1(S before the one at the opposite end. The high-to-low transition at the start of it’s Presence Plus will propagate down the line generating reflections as it passes the discontinuity created by each slave reaching the last slave at about the time it is starting to generate it’s own Presence Plus. Whether this transition is reflected by an unterminated end (same amplitude and phase) or one with a lower impedance (same amplitude, opposite phase) is determined by the state of the end slave. In this example, slaves between the two end ones will be still be in a high impedance state preparing to generate their own Presence Pulse. This scenario illustrates the numerous interactions that can occur on an 1-Wire net when it is operating in a transmission line environment with an unterminated line.














A TINKER’S BAG OF SOLUTIONS


When it is determined that 1-Wire communication is occurring in a transmission line environment means exist to improve the reliability. The following provides some suggestions based on the preceding discuss of the characteristics of a transmission line.





Adjust the rise and fall times of the master to be at least twice the time that a transition takes to propagate to the cable end and return. For example, a signal transition will take approximately 5.4(S to reach the end of a cable 300m long, adjust the slew-rate of the master so that it takes at least twice this value (10.8(S) to switch between its upper and lower voltages.





Configure the circuitry of the bus master so that it maintains a constant impedance equal to that of the cable impedance. Since the recommended CAT 5 cable has an impedance of 100(, use a bus master with a 100( impedance, or add circuitry to the existing one to meet 100(.
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Insert a small value of resistant (100 to 150() between the bus and an individual slave to improve the impedance match. CAUTION: do not place resistors so that they add in series along the line.





To control undershoots that go below ground, connect a small signal diode, preferably a Schottky, across each slave and at the cable end. Connect the diode reverse bias across the bus with the cathode to the DATA line and the anode to GND. See the figure nearby.
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Insert a low pass filter between the bus master and the 1-Wire net. Connect a 4700pF capacitor across the bus at the master and insert a 100( resistor in series with the bus.





Insert a lossy ferrite bead such as a P/N 2512061527y0 from Fair-rite Products Corp., or equivalent, in series with the DATA line at the slave.





Avoid placing slaves at integer fractions of the cable length as communication can prove unreliable at those positions due to interaction of reflections and resonance effects.





Avoid using ‘stubs’ off the main line as they diminish the signal level on the main line and generate reflections from the stub that can interfere with communication. If a stub must be used, insert a low value resistor (100-150() in series with the stub at the intersection with the main line.
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Do not use a ‘star’ architecture, that is, two or more cables originating at the bus master. If it is necessary to create separate runs, use a multiplexer such as “Simon’s Hub”.











SUMMARY


Except in the simplest 1-Wire net, such as a single slave at the end of less than 2 meters of cable, it may take some tinkering to get a 1-Wire net to work acceptably due to transmission line effects. This is due to the 'bare-drain' I/O structure of the master and slave which does not allow the line to be terminated. Further, the master and slaves each have different characteristic impedance that do not match the 100( of the recommended CAT 5 cable. Worse, these impedance’s are neither specified or controlled and change depending on logic state. In the case of a slave, the impedance exhibits three distinct values, a low value around 50( when in a logic zero state with a 5V supply; a very high impedance when the net is in a logic one state and a variable impedance when the internal capacitor is being charged through a 1K( resistor.


