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Application Note           1

Linear Phase 8th Order Elliptic Lowpass

Highlights
Multistage Analog Design
Elliptic Filters and Allpass Filters
Using the Curve Editor
Target Optimizer
Circuit Optimizer

n Design Objective
Lowpass: -3dB@10kHz
Passband: ±0.1dB Flatness
Stopband: 80dB Min Atten @15kHz and above
Linear Phase response in the Passband

This Lowpass filter demands fairly high attenuation rates.  Dropping the level
80dB from 10kHz to 15kHz is a slope rate of almost 160dB/Octave.  Since the
linear phase requirement is also a concern, we could first attempt to meet the de-
sign using Allpole filter families such as Linear Phase, Bessel, or Gaussain.  These
families provide flat group delay in the passbands, and would solve that issue.

n Scale Setup
Since the corner frequency is 10kHz, a suitable frequency range would be from
100Hz to 100kHz.  This gives us a decade above and two below the transition
frequency.  A Log axis will be used, and an initial magnitude scale of 5dB/Div.

n Allpole Filter Trials
To determine if any of the Allpole linear phase type filters can meet the attenuation
requirements, we will first generate a 16th order Lowpass target of each type at the
required 10kHz frequency.  By using a custom 3dB transition level in each case,
all of the filters will have the same -3dB@10kHz corner.  Each of these were saved
as Guide Curves.  Data Curves with 500 points will be used.

The graph on the following page shows the results.  None of the Allpole flat group
delay Lowpass filters even come close to meeting the attenuation requirements,
even at 16th order.  The attenuation at 15kHz is only down about 10dB.  No where
near the 80dB requirement.A
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Since it will not be possible to meet the attenuation requirements using a stan-
dard flat group delay Allpole filter, a high attenuation type Lowpass must be
used.  However, this type of Lowpass filter will not exhibit flat group delay.
To meet that requirement an Allpass filter must be designed to flatten the
group delay.

We can now attempt to use an Allpole filter with higher attenuation rates, such
as a Chebyshev family.  Standard Chebyshev filters demand very high preci-
sion components, and are generally difficult to produce accurately.  The MCP
form is much more practical.

With a few trial & error attempts using different orders,  it was found that a
0.1dB 13th order MCP/2 Chebyshev closely meets the requirements. The
magnitude and delay response is shown on the following page.

This Lowpass provides more than 80dB@15kHz attenuation.  The Group De-
lay graph shows the large peak that results from the Chebyshev family.  A
portion of the Target Parameters for the filter is also shown on the Group
Delay graph.  Note that the Qp value for the first two critical poles is 7.65.
This would not be too hard to handle in a circuit realization.
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Allpole MCP/2 Chebyshev,  0.1dB, 13th order
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n Elliptic Filter Trials
We have just seen that it took a 13th order Allpole filter to meet the attenua-
tion requirements.  The question now at hand is: what can an elliptic filter
provide?

Using the MCP/2 Equal-Ripple elliptic family, several target attempts were
made at different orders.  It was found that an 8th order filter, with 0.05dB
ripple and 80dB attenuation, met the goal of -80dB@15kHz.  Again using a
3dB transition level.

The magnitude graph below shows the elliptic Lowpass target in Black, along
with the previous Allpole attempts.  On the next page, the Group Delay and
Target Parameters are shown.  The delay peak of the elliptic is much smaller
than that of the previous MCP-Chebyshev Allpole, and the Qp value of the
two critical poles is only 3.5.

The Elliptic filter meets the attenuation requirements at much lower order
than the Allpole filter.  Moreover, is has lower delay peaking and lower Q
values as well.  This includes a passband ripple of only 0.05dB, one-half of
the design objective.  This leaves some extra error margin.
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The Elliptic filter is clearly the most efficient choice for this design, since it only
requires 8th order vs. 13th order, and even has lower Q values.  This will be our
final choice for the Lowpass filter target.

n Allpass Delay Compensation Network
The elliptic Lowpass filter does not have flat group delay. Rather, it has a peak
near the corner frequency.  To produce a complete Lowpass filter with linear phase
across the entire passband,  an Allpass network must be cascaded with the elliptic
Lowpass filter.  This Allpass network will increase the delay at lower frequencies,
but does not affect the magnitude response (in theory).

The development of the Allpass compensation network proceeds as follows:

1 - Construct a Guide Curve for the desired Group Delay response.
2 - Choose an initial order for the Allpass network.
3 - Optimize the Allpass network F/Q parameters.

The required order of the Allpass network is unknown.  There is no specific order
that must be used.  Often it is common to use an order equal to that of the filter
being compensated.  However, in most cases the desired flatness of group delay
will determine the order required.
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n Defining the Group Delay Objective
Before we can optimize the Allpass network, we will need to manufacture an
objective curve of our desired Group Delay response.  The Target Optimizer
will use this Guide Curve as the objective for curve optimization.

The Group Delay graph below now shows the elliptic Lowpass response by
itself.  The other previous Allpole curves have been disabled.   At low frequen-
cies the delay is 80uS, but increases by 350% to a peak of 270uS near 10kHz.

To produce a flat group delay, we will need to increase the delay to a constant
value higher than the highest peak of the Lowpass alone.  Therefore the ob-
jective is a flat line curve with a delay value greater than 270uS.

The Curve Editor utility will be used to create this curve.  Another method
would be to use a text editor to create a data file with suitable values, and then
import this into the program.
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n Creating the Objective with Curve Editor
Having created a copy of the elliptic Lowpass target in a Guide Curve, the Curve
Editor is opened.  Changing to the Group Delay graph, we first read in the points
from the Lowpass Guide Curve.  Since we are about to delete many of the points,
only 50 data point density was used for reading the existing curve.

Now we wish to alter the curve in the passband to be a flat line.  As an initial guess,
we shall try a delay of 300uS.  Since we only need a flat line, many of the nodes on
the editing curve will be deleted in the passband region.

The content of the curve in the stopband region is unimportant.  This area will not
be part of the optimization.

The finished editor curve is shown on the next page.  It is written to a different
Guide Curve entry.   The Group Delay graph at the bottom shows the Lowpass and
Objective response as seen now in the main system.
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n Creating the Allpass Network
As an initial starting point we begin with an 8th order Allpass.  We will use a
standard Bessel Allpass with Fo of 5kHz to initialize the Target Parameters.  Since
we wish to cascade this with our existing Lowpass target, we will need to move the
existing TFBs of the Lowpass filter down to the bottom of the TFB array, to pre-
serve them from being overwritten.

After the Allpass target fil-
ter is run, we can go back to
the Target Parameters and
enable the four Lowpass
TFBs at the bottom of the
array, as shown here.

We now have a Lowpass el-
liptic filter and 8th order Al-
lpass.  The combined group
delay is shown below.
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n Optimizing the Allpass Network
We now open the Target Optimizer, and setup the parameters as shown below.
We use Guide Curve #8 which contains the objective curve, with Peak Error
to produce an equal ripple result.  The frequency span is limited to the pass-
band from 100Hz to 10kHz.  Only the eight Fp/Qp parameters of the four
Allpass TFBs are selected for optimization.

After running the optimizer, the resulting delay response is shown below.  The
delay of the Lowpass/Allpass combination is now an equal ripple curve around
the 300uS flat line objective.  The linear phase ripple is about ±11%.

We chose the 300uS flat line objec-
tive as an initial guess.  Using differ-
ent values will result in different
ripple levels.

From the response shown below, we
see that most of the delay is above
the 300uS line.  Also, one of the Fp
values of the AP2 sections ended up
at a very high frequency, meaning that
AP2 was not used.
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We return to the Curve Editor, and this time move the flat line base level to a
higher value of 350uS, as shown below.  Guide Curve #8 is written again.  The
Target Optimizer is then run, optimizing to this new 350uS objective.

The Group Delay response, shown below, now has a reduced ripple of only ±5%.
This is an improvement of over 200% from the previous.  Also note that we  have
more ripples in the response,  indicating all four AP2 sections are utilized.
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Following this methodology,  a couple more iterations show that the optimum
base level of delay is near 430uS.  This produces an equal ripple response of
about ±0.7%, as shown in the graph below.  This is an improvement of more
than 700% from the previous, and is very flat.

If a higher base level of delay is attempted, the ripple increases again, with
most of the delay below the objective.  Therefore, using an 8th order Allpass
network, the base line group delay is 430uS with a ripple of ±0.7%.
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The previous optimizations were run using the Peak Error method.  This produces
an equal-ripple type optimization result.  However, using the Average Error method
we can obtain a maximally-flat type optimization result.  This is shown below.

In this case the ripple is almost zero as frequency decreases, and is a maximum
(±1%) concentrated near the 10kHz corner.  Depending on your application or
desire, either of these two results may be more or less attractive.

We can now consider what level of delay flatness could be obtained with lower
order Allpass compensation networks.  Suppose we try 6th and 4th order net-
works.  These would require less circuitry, but would probably result in more ripple.
Intuitively we would expect that the optimum base level of delay would occur at
lower levels than the previous optimum for the 8th order case.

By disabling one or two AP2 TFB sections in the target, realigning the objective
curve to lower levels , and reoptimizing the Allpass sections, the results shown on
the next page were produced.
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The graph below shows the optimum results for 8th, 6th, and 4th order All-
pass compensation networks.  They can be summarized as follows:

- 8th Order Allpass: 430uS, ±0.9% ripple
- 6th Order Allpass: 370uS, ±2.7% ripple
- 4th Order Allpass: 290uS, ±10% ripple

Choosing which configuration is best  depends on what the criteria is for the
delay characteristics.  If we desire a minimum base level delay and/or mini-
mum circuitry, then the 4th order option would be selected.  If we want the
best possible flatness, then the 8th order option would be selected.  Higher
order Allpass designs could further reduce ripple.

For this example, we will assume that a 2.7% ripple is satisfactory, and choose
the 6th order Allpass design.
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n Final Target Design Summary
We now have the final target parameters for the complete design.  An 8th order
elliptic Lowpass will be cascaded with a 6th order Allpass.

8th Order Lowpass Elliptic:
BR1: Fp=10.1157kHz, Qp=3.5484, Fz=15.2260kHz
BR1: Fp=10.1157kHz, Qp=3.5484, Fz=17.4213kHz
BR1: Fp=7.6096kHz, Qp=1.2141, Fz=25.5292kHz
LP2: Fp=5.0521kHz, Qp=0.5832

6th Order Allpass:
AP2: Fp=7.7927kHz, Qp=2.0264
AP2: Fp=4.9260kHz, Qp=1.2204
AP2: Fp=2.5980kHz, Qp=0.6076

The graph below displays the group delay of the Lowpass and Allpass sections,
along with their combined delay and objective Guide Curve.
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n Lowpass Circuit Design
One of the best circuit topologies to handle this type of elliptic design is the
RDC gyrator ladder.  The LPE08_RDC synthesis circuit will be used.  Choos-
ing a preset value for R1=2K, the design shown below is produced.

The ideal four D values are:
D1 = 217.1354f
D2 = 218.4349f
D3 = 198.8893f
D4 = 77.1400f

To realize each of the FDNR D elements, the LP2_GIC_D circuit is used to
design each of the gyrators.  Each of the GIC stages is shown on the following
page.
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D1 Gyrator D2 Gyrator

D3 Gyrator D4 Gyrator
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The gyrator sections are now imported into the main RDC circuit, and used to
replace the D elements.  The extraneous components from the LP2_GIC_D
circuits are also removed from each section.  The resulting LPE8 circuit sche-
matic is shown below, as well as the magnitude response.

The magnitude response of the circuit has a bit more ripple in the passband
then the target.  But as we shall soon see, the magnitude errors from the All-
pass network are a larger problem.
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n Allpass Circuit Design
The 6th order Allpass network will be
constructed by cascading three 2nd or-
der sections.  The AP2_RC_1 synthesis
circuit will be used, which offers a worst
case component sensitivity of about 2.

Each of the AP2 TFBs are enabled indi-
vidually one at a time, and then synthesis
run to design each section.  Preset resis-
tance values around 3k are used.  After
each stage is designed it is saved as a dif-
ferent file: AP2_1,  AP2_2,  and AP2_3.
The three stages are shown here.

The stages are then combined into a
single network by  removing the extra-
neous components, and cascading the
three sections.  The final 6th order All-
pass circuit is shown on the next page.

The Magnitude and Group Delay re-
sponse curves for the Allpass network are
shown on the next page as well.  The de-
lay curve appears as expected, however
note that the Allpass magnitude is not
perfectly flat.  A broad rise of 0.5dB ap-
pears at 5kHz.

This is a common problem with Allpass
filters.  Due to finite GBW in the opamps
and non-ideal component values, the
magnitude response is not perfectly flat.

It will be necessary to adjust the com-
bined Lowpass/Allpass filter to restore
the passband magnitude flatness.
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n Correcting the Magnitude Errors
The combined Lowpass/Allpass circuit is shown below, and the magnitude/delay
responses are shown on the next page.  The group delay is very close to the origi-
nal target.  The stopband of the magnitude response also meets the design criteria,
but the passband has excess ripple.  The enlarged view of the passband shows a
peak of about +0.6dB.

It was found that most of the Allpass network magnitude error was coming from
the middle stage.  R26 was adjusted to the next higher 1% value, which corrected
most of the Allpass magnitude error.

For the remaining passband ripple error,  we must adjust components in the Low-
pass network.  Since the group delay and stopband response are already accept-
able, we need to choose components which will predominantly control the pass-
band magnitude.  The main resistors of the RDC topology R1, R2, R3, and R4 are
probably good choices.  They are circled below.
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Since there are only four components to adjust, and the adjustment needed is very
small, we could probably obtain the desired improvement using small 1% trial&
error increments up/down in their values.  However for this example an objective
flat line magnitude curve at 0dB was created in Guide Curve #8 using the Curve
Editor utility.  The circuit was then scalar optimized on the magnitude response.

Since the response is -3dB@10kHz, we cannot run the optimization all the way to
10kHz.  A frequency span of 100Hz to 9kHz was used.

After the optimization was completed,  the enlarged view of the passband is shown
below.  The response is now within the 0.1dB tolerance.  Neither the stopband or
group delay was significantly affected.
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n Monte Carlo Analysis
The two graphs below show the passband response variations for all compo-
nents using 1% precision, or 0.1% precision.  In order to maintain the 0.1dB
passband window,  0.1% components are needed for many components.
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n Noise Analysis
To gain a realistic idea of the noise performance of the circuit, all opamps were
assigned to the OP-27 model.  The noise density for the main output is shown
below, along with the broadband Noise Analysis.  For the passband width of 100Hz
to 10kHz the total noise is -100.8 dBm, unweighted.
This completes the design.
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