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The purpose of this application note is to now document after 35+ years, a particular
Low-Pass Filter which I invented in the late 1980s at my old company, Picosecond Pulse
Labs (PSPL).   At the time I invented it, I made the decision to not get a patent for it.
Instead,  our  company  policy  was  to  instead  consider  such  inventions,  or  design
innovations  to  be  confidential  and  not  disclosed  publicly.    PSPL was  a  very  small
company then of about a dozen employees.   We felt we could not afford the legal fees
associated with prosecuting legal action against any large company which might steal our
patents.  Thus why bother with public disclosure with a patent.    

PSPL as a company, now no longer exists.  It disappeared quite some time ago.   The
company which purchased PSPL closed it down awhile after purchase and discontinued
the entire product line.

I am now going to claim the name of this filter design to be the:

ANDREWS   FILTER

In the past, other filter designs were named after their inventors.   Examples are the:
Butterworth,  Chebyshev, Bessel,  Bessel-Thomson, etc.

I started my career at the USA govt. National Bureau of Standards (NBS) (1967-1980).   I
was in the Time Domain section.    We were charged with establishing a calibration
service for time domain instruments, such as oscilloscopes and pulse generators.    A key
parameter for characterizing such instruments was  Rise Time.    As part of our NBS
research we sought to develop the perfect Rise Time, Low-Pass Filter.    The resultant
NBS design came close to the ideal, but was really not practical for use in industry.  It
was large, bulky and complex.  It only was useful in a standards lab.   The design was
never picked up and commercialized.
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The ideal filter for time domain applications has been long recognized to be the Gaussian
Filter.    It  has an ideal time domain step response with a very smooth, symmetrical
transition for  the 0% to 100% level  of  a  step function along with no overshoot,  nor
ringing.     The true Gaussian Filter is theoretical and not actually realizable.

What I invented at Picosecond was a Low-Pass Filter intended especially for time domain
applications in test  equipment and digital  tele-communication equipment.     It  was a
simple design and well suited to mass production manufacturing.   It was also small and
easy to use and very suitable for wide spread use in the industry.   It became a popular
product and PSPL sold lots of them.    While PSPL no longer exists, the filters can still be
found for sale on E-Bay.

While at Picosecond, I wrote several application notes about our products, and how to use
them.    The collection of 25 of my PSPL app. notes are still available to the public from
my own personal web site.   See  ---   https://kh6htv.com/pspl-app-notes/

In the late 1990s, I wrote an app. note about these low-pass filters.   It described to our
customers their use for time domain applications.   It compared both their time domain
step responses, TDR signatures and their frequency responses, for S21 & S11.   What the
app. note did not do was disclose the actual design of the filters.    The most current
revision of  the  app.  note  is  AN-7a,  dated March,  1999.    It  was  entitled  "Low-Pass
Risetime Filters for Time Domain Applications".    It is still available in .pdf format to be
down loaded from my own web site:   https://kh6htv.com/pspl-app-notes/      I am also
including it in this KH6HTV  Video app.  note as an appendix.      Before reading any
further here, please first go to the appendix and read that app. note.

-----  STOP --- first read Appendix  I  -----

LOW PASS  FILTER -- Design Concept :

Fig. 1 L-C model for an ideal transmission line.

STEP 1: The  first  place  I  started  was  to  consider  the  equivalent  circuit  for  a
transmission  line.    For  an  ideal  line,  it  consists  of  an  infinite  cascade  of  series
inductances with shunt capacitances.   See Fig. 1     For a typical, 50 Ω coaxial cable,   L
≈ 72 µH / ft  and  C ≈ 29 pF / ft.

We can actually build a "Artificial" transmission line using a finite number of discrete
inductors and capacitors.     For low frequencies, such a network will in fact behave like a
transmission line with a characteristic impedance, Ro, and  a time delay, Td.      However,
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because the L-C sections are not infinitely small, but are a finite number, this network is
also an L-C  low-pass filter.     The basic design equations for such an artificial line are:

Characteristic Impedance   Ro   =  [ L / C ] 1/2

Velocity of Propagation      vp    =  1 / [ L * C ] 1/2

Time Delay    Td      =   [ L * C ] 1/2

Frequency ωo    =  1 / TD,   fo =  ωo / 2 * π

So now, lets  compute the time and frequency domain responses of  such an artificial
transmission line.   See Figs. 2-5 below.    For simplicity, let's use the typical 50 Ω coax
cable parameters of 72nH / ft and 29pF / ft for each of the discrete L-C components.
First, using the above design equations, we find:     

Ro = 49.8 Ω,   Td = 1.44 ns / section,  fo =  110 MHz / section

Thus for a 10 section line, we would expect the overall delay to be about 14.4 ns.

Signal Generator Test Pulse:   1 V,  50 ps rise/fall time, 50 ns duration

Output:      1 V,  3.5 ns rise/fall time, 23% overshoot, 15 ns delay
Fig. 2    Step Response of Artificial Delay Line
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Fig. 3     Time Domain Reflectometry (TDR)  response of input to Artificial Delay Line

Fig. 4     Insertion Loss, S21, of Artificial Delay Line

Fig. 5      Return Loss, S11, of Artificial Delay Line



AN-79 Andrews LPF.doc  ( 9/8/26,  kh6htv) p. 5 of 13

What we get is the response from a typical, sharp cut-off, low pass filter with a -3dB
band-width of the order of 200 MHz.   The step response has a 3.5 ns rise/fall time, but
with a very large overshoot of 23%. The time delay is as expected about 15 ns.   The
TDR response shows a severe initial impedance mismatch.    Likewise, in the frequency
domain,  S21  shows  a  brick  wall  cut-off  and  very  severe  S11  return  loss  at  higher
frequencies.    The  resultant   Risetime  *  Bandwidth  product   is  about   0.7      In
comparison, for the ideal Gaussian filter,  it is 0.332

LOW PASS  FILTER -- Design Concept :

Step 2:     The major defects of using the above filter are the severe overshoot in the
step response and the very poor impedance match at high frequencies.     However poor
return loss is inherent is all filters built with purely reactive components  of L & C.    All
pure L-C filters, do their filtering by reflection.   They refuse to pass certain frequencies
by rejecting them and reflecting those waves back to their source.

Revelation:   My personal revelation in inventing my Andrews LPF was to recognize this
fundamental defect in L-C filters.    I reasoned to improve Z match in a filter, I needed to
add a resistive component inside the filter.

Andrews Design:    My invention was to take the basic artificial transmission line
of series inductors and shunt capacitors and to add a 50  Ω resistor in series with each
shunt capacitor.    To maintain, a good return loss at very high frequencies, it is important
to have the first element be the shunt capacitor.    Also for symmetry, it is important to
make the last element also a shunt capacitor.

Example:    So, now lets take the circuit  shown in Fig. 1 and make this addition of
resistors.  See Fig. 6      Now, we will again compute the  time domain and frequency
domain responses.    We will  use the same L-C values as the earlier  example.    See
following   Figs. 7-10.

Fig.   6      The Andrews  Low-Pass, Risetime  Filter concept
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Fig. 7     Andrews  Filter   ---   Step  Response

Fig. 8      Andrews  Filter   ---   TDR

Fig. 9     Andrews Filter -  Insertion Loss, S21

Fig. 10      Andrews  Filter  --   Return Loss, S11
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CONCLUSION:     With the above example, we see that we now have a low pass
filter with a response very closely matching the ideal Gaussian.     For this example the
step response is now very clean with a risetime of 11.4 ns and no overshoot or ringing.
The time delay is 16.3 ns.   In the frequency domain, the -3 dB band-width is 29.6 MHz.
Thus the risetime * bandwidth product is 0.337   This is extremely close to the Gaussian
ideal of 0.332      The impedance is now seen to be almost perfect.   The TDR shows only
a very slight long duration ripple.   In the frequency domain, the worst case return loss,
S11, is of the order of -25 dB which occurs in the vicinity of the -3 dB, S21 frequency.

NOTE:      For the above examples, I used the circuit simulation program  LT-Spice.  It is
available as a free download from Analog Devices.

APPENDIX  I :     PSPL  application note  AN-7a
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