EE273

Fall ‘98

Problem Set #2 Solution

SPICE deck files are in the directory /usr/class/ee273/spice/hw2 directory.   

Problem 3-2: Mismatched Terminations
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The setup is shown below.  The termination resistor, Zt is a lot smaller than the characteristic impedance of the transmission line.  This kind of mismatch is called ‘over-terminated’, and the reason for it will be obvious when we look at the waveform later.  
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First, let’s find the reflection coefficients both at the source end and at the termination end.  Simply applying Eq. (3-37), 

Now, using these two coefficients, it is straightforward to construct the reflection amplitude table, as shown below.  The first column shows the time at which that particular wave is generated from either end of the transmission line.  The time interval is the same as the transmission delay of the transmission line, 2nsec.  It’s obvious that every other entry is a wave that starts from the source end and the rest from the termination end, with the initial wave from the source starting at 0nsec.  The second column shows the amplitudes of these waves, and the third column shows the cumulative sum of the original wave and these reflected waves.  The table is a little bit misleading in that it seems to suggest the total waveform that we see gets updated every 2 nsec.  In fact, the actual waveform we see from the scope depends on the position and gets updated every 4nsec at the two ends of the transmission line.  
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This table shows only the first few reflections, but the table can be extended in the same way. And the following waveform, which shows the expected waveform at the source end of the transmission line, is obtained directly from this table, taking into account the fact that the wave gets updated every 4 nsec. 
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Now, this waveform agrees well with the HSPICE result shown below.  Obviously, the HSPICE waveform looks a lot smoother, since the graph above is obtained simply from the amplitudes of reflected waves.  

Note that for both waveforms, the input waveform the input step voltage is 1V.  
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Problem 3-6: Resistive Matching Networks
The setup is shown below:
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The goal is to devise resistive networks N1 and N2 so that there’s no reflection.   First, let’s examine the original reflections when N1 and N2 are not present.  The two reflection coefficients are predicted to be

[image: image6.wmf]W

=

=

=

71

.

70

5000

2

1

R

R


[image: image7.wmf]1715

.

0

2

1

:

_

_

2928

.

0

71

.

70

50

71

.

70

50

71

.

70

2

:

2

_

_

_

5858

.

0

71

.

70

71

.

70

50

71

.

70

)

50

71

.

70

(

71

.

70

1

:

1

_

_

_

=

´

=

=

+

=

=

+

+

+

=

D

D

D

Ratio

Signal

Final

D

N

after

Ratio

Signal

D

N

after

Ratio

Signal

TOT

And the HSPICE simulation result below confirms that step wave from the source gets bounced off the first and second junctions as predicted from these two reflection coefficients.  

The following bounce diagram shows what’s going on.  Note that the voltage waveform above is taken from the source end of the setup.  
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[image: image21.wmf]Over-Terminated Transmission Line Step Response
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The first part of the problem asks for simple N1 and N2 that will get rid of the reflection from the forward (left -> right) traveling waves only.  Without much thought, the following answers can be obtained:


N1 -> parallel 100 Ohm resistor to the ground


N2 -> Series 50 Ohm resistor between second and third transmission lines.  

Now, when the forward traveling wave reaches the first junction, it’ll see 100 Ohm impedance of the second transmission line in parallel with a 100 Ohm resistor of N1 network.  Since this looks like 50 Ohm, there won’t be any reflection for the first junction.  Now, when it reaches the second junction, it sees 50 Ohm impedance of the third transmission line in series with a 50 Ohm resistor of N2 network.  Again, there’s no reflection  for the  wave traveling from left to right.  

The second part of the problem asks for N1 and N2 networks that can prevent reflection from waves coming from either direction.  Because of the symmetry of the setup (50 Ohm – 100 Ohm – 50 Ohm), N1 and N2 can be identical mirror images of each other.  There can me many solutions to this problem, some with better power or other properties than others.  The following schematic shows the simplest solution.  
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Now, the problem is simply finding R1 and R2 that satisfies the reflection requirement.  There are two requirements:
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Solving for these two requirements gives the following resistor values:

The HSPICE result confirms that there’s no reflection with these resistive matching networks.  The waveform is hardly interesting, since it’s simply equal to the input waveform, step function.  

[image: image32.png]100 Ohm





The biggest step is the input node of the first transmission line, the second the output of N1 network, and the smallest step the output of N2 network.  Although reflections have been cancelled by the resistive networks, they also introduce signal level degradation as shown.  Without these networks, the final voltages of all these nodes would have been ½ volt.  (Since 1V step from the source is divided between the 50 ohm source resistance and 50 ohm line impedance.)  But because of these networks, the steady state amplitudes have been reduced.  Since there’s no reflection, the transmission line impedance can be ignored.   And from the resistors that are left, we can calculate the actual signal reduction ratio.  Here, I assume that the line continues on indefinitely, which is equivalent to matched termination.  Then, 
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 These figures agree with the HSPICE waveform of the previous page.  Therefore, after these two networks, the signal is reduced by almost 83%.   

Since the power is proportional to voltage squared, it can be shown that the power after the two networks will be simply (0.1715)^2 = 0.0294, which means that there’s 97.05% power loss due to the two networks.  

The previous method simply ignored the transmission lines and found the signal and power loss by using voltage division rules with existing resistors.  There’s an alternative way to solve this problem.  Assume a voltage wave of 1V is entering the first transmission line shown below.  Since the first line’s impedance is 50Ohm, it translates to 20mA initial wave entering the system.  Therefore, the input to the N1 network is 1V, 20mA, 20mW wave.  When it encounters the N1 network, current of 1V / 70.71 Ohm = 14.1mA flows to the ground through the parallel resistor, taking 14.14mW of the power along.  This leaves only 5.858mW before the series resistor of the N1 network.  Since the output voltage of N1 network is 0.586V (voltage division), 2.426mW more power is dissipated in the series resistor, leaving only 3.4315mW before the second transmission line.  This power travels along till it meets N2 network.  The amplitude of the wave at this point is still 0.586V.  Similar analysis shows that 2.426mW will be dissipated in the series part of the network, and 0.416mW in the parallel part.  Therefore, after the second network, the voltage is reduced to 0.1715V and the power to 0.5895mW.  Since we started from 20mW, the power loss here is again 97.05%.

The following schematic shows the amplitude and power of forward propagating wave at each point.  Since there’s no reflection, the analysis is a lot simpler.    In case where there’re reflections from boundaries, a bounce diagram method can be used.  
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Problem 3-7: Buses Without Stubs
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This problem is a lot similar to the previous problem, except that now the matching network has three ports.  Again, the simplest solution out of multitude of possible ways is shown below.  

Because of symmetry, there are only two resistor values to be determined.  Therefore, we have two unknowns and two constraints, which are shown below:
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Solving for these equations, we get the following values for these resistors:

Now, to find the power lost due to these resistors, let’s consider two cases.  First when the wave enters the network from either A or C, and the second when the wave enters the network from B.
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The signal entering at A or C sees R2 + (R1+100) || (R2+20).  By simple voltage division, the voltage at node D is reduced by 5.2647%, and the power is reduced by the same amount.  The current is divided from D node: 90 % to the 20 Ohm branch, and 10% to the 100Ohm branch.  For 100 Ohm branch, R1 / (R1 + 100) = 47.2% of power is dissipated in R1, and for 20Ohm branch, R2 / (R2 + 20) = 5% of power is dissipated in R2.  Therefore the total power lost for wave incident on node A or C is:
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Using the same method, the power loss when the signal is incident from node B can be shown to be:

There must be other ways to find power loss.  The method used here uses the fact that for series connection, the power is proportional to the voltage (since current is fixed), whereas for the parallel connection, the power is proportional to the current.  

Also, it is useful to see how the remaining signal is divided between the two outgoing nodes when the incident signal leaves the network, and the following figure summarizes the power distribution.  All the numbers are obtained through the same kind of analysis used to get the power loss: how voltage and current are divided along the path.  From these, it’s obvious that it costs a lot (in terms of power) for a signal to get on the bus as well as to get out of the bus, but a reasonable amount of power (81%) gets past network to travel further along the bus.  
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Now, if the stubs and the bus were all 50 Ohm, we can go through the exact same procedure to find the resistor values, which in this case turns out to be:

Again using the same method to find the power loss in this situation,


The power distribution is shown on the following figure:







Compared to the original case, this setup allows less power to be lost when the signal comes onto the bus and when the signal goes out of the bus.  However, whenever the signal encounters a network as it travels along the bus, only 12.8% of the power gets past.  We can see the tradeoff here.  If the transmitter stub and the receiver stub is right next to each other, the received power for the first setup (unequal impedance) is (0.05 * 0.05) = 0.25 % of the transmitted power.  For the second setup (equal impedance), the received power is (0.128 * 0.128) = 1.64% of the transmitted power.  This seems to suggest that the second setup is better.  However, if there are many stubs on the bus and the signal has to travel past many networks to reach the destination, the second setup will definitely yield worse result.  For example, if there are 5 stubs between the transmitting stub and the receiving stub, the received power for the first setup will be (0.05 * 0.81^5 * 0.05) = 0.08717 % of the transmitted power.  For the second setup, it is (0.128 * 0.128^5 * 0.128) = 0.0000563 %.  

Since a normal bus has a lot of stubs attached to it, first setup of unequal impedance between stub and bus segment is generally better idea.  

The following are step waveforms (voltage plot) entering and leaving the network for the first setup (100 Ohm stub, 20 Ohm bus segment).  The top graph shows the magnitude of the step at the three nodes when the signal is entering from the A node (bus).  The bottom graph is the magnitude at the three nodes when the signal is entering from the B node (stub). 


The spice deck used to generate the top graph is shown below:

----------------------------------

Buses without Stubs

.option post

.include '3-7fig2.spi'

.global Gnd

.tran   1ps     20ns

R_0 B net_1 89.474

R_1 A net_1 1.053

R_2 net_1 C 1.053

T_0 net_2 Gnd B Gnd Z0=100 TD=5n

T_1 net_3 Gnd A Gnd Z0=20 TD=5n

T_2 C Gnd net_4 Gnd Z0=20 TD=5n

R_3 net_4 Gnd 20

R_4 Gnd net_3 20

R_5 net_5 net_2 100

V_0 net_5 Gnd pulse 0V 2V 2ns 200ps 200ps 3ns 10ns

.end

--------------------------------------------------------



Problem 3-16: Extracting Parasitics

There isn’t a clean analytical way of generating this seemingly random waveform.  We can start with a few equations that give rough estimates of the device values, but eventually we have to resort to brute force method of trying various parameters until we get a satisfying waveform.  

First step is to determine the arrangement of devices that will exhibit the similar behavior as shown on the waveform.  Figure 3-47 of the textbook shows the reflection behavior of a large capacitor and a large inductor.  Although we won’t see this kind of clean exponential decay following abrupt change, it can be observed that a positive hump is probably due to a series inductance, whereas a negative hump is probably due to a parallel capacitor.  Obviously, we’ll need several such discontinuities to generate this kind of waveform, and it’s also easy to see that not all of these discontinuities are located at the same location, which means that there are probably transmission lines between these discontinuities.  On factor to consider at this step is to determine how accurately the model is going to follow the given waveform.  On a crude level, this waveform can be approximated with two large humps (capacitors) separated by about 500ps (which means 250ps transmission line between those capacitors) and followed by an open circuit.  But one can see various small positive humps as well, and to match the approximate time slope of the final convergence, some more discontinuities will have to be introduced.  An example result of the first step for the given waveform is as follows:  a small series inductor for the initial small positive hump – short transmission line – parallel capacitor for the medium sized negative hump – short transmission line – small inductor for the small positive hump – transmission line – small inductor for the small positive hump – transmission line – capacitor for the negative hump.   

This will give a good place to start.  Of course, there are many different ways to realize a similar waveform, and this is just one implementation.  

The next step is to determine the magnitude of inductors and capacitors, as well as the delay of the transmission lines.  The final model for the waveform, which include the devices mentioned above, as well as several others at the end, is shown on the next page.  For this step, we rely on the simple equations shown on pg 120 of the textbook and repeated below:


However, there are a couple of things to be careful with these equations.  It assume that the discontinuities are placed between two equal impedance transmission lines, which results in impedance of Zo / 2 for time constant of capacitor, and 2 Zo for the time constant of inductor.  If this is not the case, we should use appropriate resistance that the inductor or capacitor sees.  

Now, we should determine the rise time, tr.  Assuming it is equal to the rise time of the waveform for the open circuit case, tr is about 50psec.  Accuracy of the estimation using this tr will deteriorate for elements further down the line, since low passing effect of the line will probably change tr.  In any case, the size of the elements are found using these approximations:




(V / V

(

value


L1

2/50

2psec

190pH

C1

14/50

14.5psec

644fF

L2

3/45

3.31psec

300pH

L3

3/45

3.31psec

280pH

Only the first four element values have been shown, because it turns out that the estimated value for the last capacitor is just way too small to produce the big negative hump right before the final rise.  Basically, except for these four elements and transmission line characteristics, the rest are found by trial-and-error method.  


The delays of the transmission lines can be found by seeing the time interval between humps on the waveform, divided by 2 since what we’re seeing is reflection.  So, if the interval between the first big capacitive hump and the next one is about 500psec, a transmission line with one-way delay of 250psec will have to fit in between.  Also, the middle plateau between the two large humps is a little bit lower than the initial voltage.  Therefore, the characteristic impedance of the transmission lines are a bit lower than the first transmission line.  

Now, it’s time to determine the value of the final capacitor, C2.  We just adjusted this by trial and error until we get the similar magnitude negative hump.  But this resulted in much too fast rise time for the final convergence.  Effort to solve this resulted in adding two more resistors as well as the transmission line at the end.  T6 serves to delay the rise time by introducing more delay before the actual open circuit.  R2 serves to damp the reflection from the open circuit, and R1 is left over from a previous effort.  

Basically one can spend as much time as one wants to model the waveform as accurately as possible, and there must be many simpler configuration which may result in better resemblance. But the current configuration results in the following HSPICE waveform.  Although the grid size is different, it spans approximately the same range of x-axis and y-axis as the original figure.
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