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The objective of this application note is to (1) illustrate the idea
of using digitally controlled potentiometers to form tee
networks and (2) provide the design engineer with reference
designs for using tee networks and their derivatives as
building blocks in analog circuits and systems.

Basic Ideas

A tee network is a two-port network whose configuration,
Figure 1, is in the form of the letter tee. The components used
to implement the tee network can themselves be another
network but they are usually single resistors and capacitors.
Tee networks are used as building blocks in analog circuits
including amplifiers, filters, oscillators, and convertors. The
three-terminal potentiometer, along with passive parts, eases
the implementation of the tee network. If a digitally-controlled
potentiometer is used, Figure 2, the analog section will
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FIGURE 1. “T” NETWORK
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provide variability to the circuit and the digital controls will
provide programmability. The basic tee network can be
expanded to include the bridged tee, twin tee, and = networks
which are shown in Figure 3. The movement of the wiper of
the potentiometer introduces a new degree of freedom k in the
tee network where k is a number that varies from 0 to 1 and
reflects the proportionate position of the wiper from one end of
the pot (0) to the other end of the pot (1). The resistances from
the wiper to the low terminal and the wiper to the high terminal
are modeled as kR and (1-k)R and are shown in Figure 4. The
resistance R is the same as the potentiometer’s end to end
resistance called RrotaL - In @nalyzing many analog circuits,
the tee network is treated as a two port and its input-output
relationship is described by the short-circuit admittance
coefficients Y, and Y qo.
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FIGURE 2. PROGRAMMABLE TEE NETWORK

(a) Bridged Tee

(b) Twin Tee
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FIGURE 3. TEE NETWORK PARAMETERS
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FIGURE 4. TEE NETWORK PARAMETERS

The use of digitally-controlled potentiometers in programmable
tee networks will be illustrated in several representative circuits
including amplifiers, filters, and convertors.

AMPLIFIERS: Digitally Controlled Potentiometer

Sets Cutoff Frequency

FILTERS: Programmable Tee Network
Controls Sallen and Key Filter
Programmable Tee Networks

Control IGSF Filter
CONVERTERS:

These basic analog circuits are used as universal building
blocks in the design of analog systems and they also serve as
models for more specialized analog functions. The following
collection of independent articles and circuits are examples of
using programmable tee networks in analog circuits. All of
them have been breadboarded and tested.

| to V Converter

Digitally Controlled Potentiometer Sets
Cutoff Frequency

The traditional way of controlling the upper cutoff frequency in
the basic inverting amplifier circuit of Figure 5 is to parallel R,
with a capacitor C. The cutoff frequency is controlled with the
capacitor C and the magnitude of the circuit gain is
independently established by R, and R4 (=R,/R¢). If we need a
variable cutoff frequency, we use a variable capacitor. This
approach has two major problems: (1) the circuit does not lend
itself to computer control and (2) availability of variable
capacitors, especially in the nF region.
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FIGURE 5. TRADITIONAL INVERTING AMPLIFIER

The circuit in Figure 6 is an inverting amplifier that uses the
digitally-controlled potentiometer and a fixed capacitor as an
input ‘tee’ network. The magnitude of the gain for this inverting
circuit is the same as the traditional circuit R,/R4 but the cutoff
frequency is established by R4, capacitor C, and the location of
the wiper along the resistor array of the potentiometer. Since
the wiper of the digitally-controlled potentiometer is digitally or
computer controlled, the upper cutoff frequency can then be
programmed.
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FIGURE 6. AMPLIFIER WITH INPUT TEE NETWORK

The circuit gain (as a function of frequency) can be determined
using several analysis approaches. One approach is to use Y or
admittance parameters. If network A and network B are treated
as two-ports, the ratio of the short-circuit admittance coefficient
Y4 for the input port to Y45 for the feedback port will produce
the gain expression (Figure 6).
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Vo _ Ya1a _ (Rp/R)(1/R;Ck(1-K)

Vs Yy

jo+(1/R,Ck(1 k)

k is a number that varies from 0 to 1 and reflects the
proportionate position of the wiper from one end (0) of the
potentiometer to the other end (1).

The circuit’'s gain expression is of the form

Vo Ap®c

Vg  joto,

which is that of an amplifier or low pass filter with a gain
G =- Ry/R¢ and a cutoff frequency.

1

T
27R,Ck(1-K)

As the wiper is programmed from one end of the potentiometer to
the other, k varies from 0 to midscale (1/2) to 1, and the cutoff

frequency varies from infinite Hertz to a minimum frequency and
back to infinite Hertz. The minimum frequency is:

4
(2m)R,C

fo(min) =

For the Intersil digitally-controlled potentiometer (XDCP), k will
vary from 0 to 1 with a resolution determined by the number of
taps or programmable wiper positions and R4 represents the
RroTaL of the potentiometer. The number of taps varies from 32 to
256 and Rrotp Varies from 1kQ to 1MQ depending on the
particular potentiometer. A wiper or cutoff frequency setting can
be stored in the XDCP’s nonvolatile memory permitting the
circuit’s cutoff frequency to return to a predetermined value on
power-up.

For the circuit values shown in Figure 7, the gain is -4.7 and the
cutoff frequency varies from 6.4kHz to the frequency limited by
the LT1007. The circuit uses Intersil's X9C103 which is a 10kQ
potentiometer with 100 taps and a three-wire interface. Other
XDCPs are available with SPI and |12C interfaces. The circuit can
be used in audio, control, and signal processing applications.
(Published in EDN, June 10, 1999.)
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FIGURE 7. COMPUTER CONTROLLED AMPLIFIER
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Programmable Tee Network Controls Sallen
and Key Filter

The circuit in Figure 8 is a common way of implementing a
second order, low pass filter. This Sallen and Key scheme
provides a passband gain Ag of one and R4, Ry, C4, and C,
establish the characteristic frequency wg and figure of merit Q.
The circuit in Figure 9 replaces R and R, with a digitally-
controlled potentiometer and along with C4 is configured as a
tee network. The location of the wiper changes the relative
values of R4 and R, and thus introduces another degree of
freedom in the filter design. Since the wiper of the Intersil
digitally-controlled potentiometer (XDCP) is computer controlled,
this new degree of freedom k can be programmed. k is a
number that varies from 0 to 1 and reflects the proportionate
position of the wiper from one end (0) of the potentiometer to the
other end (1). The resolution of k is determined by the number of
taps or programmable wiper positions and R represents RrgtaL
or the end to end resistance of the potentiometer. The gain
expression or transfer function for this circuit is:

S B
x(1-xR?C,C,

Vo _

V. s2+s[1/k(1-K)RC,1+ 1/k(1-K)R>C,C,
2
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v

S 82+S(wo/Q)+mg

This is the classic expression for a second order low pass filter
where

Ag =1 =Pass Band Gain

1
(DO = —2 ’
k(1-K)R“C,C,

and

o [a-hc,
CZ

The accuracy of filter parameters is dependent on the component
sensitivities and the tolerance of the component values. Precise
values of the parameters are difficult to achieve because precise
values of capacitance are limited and expensive. This limitation of
performance can be overcome using the programmable tee
network. The characteristic frequency g or figure of merit Q can
be precisely controlled depending on the critical need of the
application.

For the values shown in Figure 9, the filter can be programmed for
a theoretical maximally flat magnitude (MFM or Butterworth)
response when k = 13/63. For this value of k, Q =.704 and

fo = 6.85kHz. When the programmable tee network is at its limits
(k=0 or k = 1), the circuit reduces to a first order low pass

filter whose cutoff frequency f; = 1/2nRC,. A second
potentiometer can be used to control the noninverting, closed-
loop gain of A and establish the passband gain Ay of the filter.

The electronic potentiometer adds variability to the filter circuit
and its digital controls, though its computer-controlled serial bus,
provide programmability. The X9418 has a 2-wire (I2C like)
serial bus. An automated closed-loop calibration procedure to
program the filter saves test time and provides enhanced
performance and security. (to be published in Electronics World
[UK])
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AN134 Rev 0.00

Page 5 of 10
May 5, 2005 ENESAS



Programmable Tee Networks

Programmable Tee Networks Control IGSF
Filter

The circuit in Figure 10 is a second order, low pass filter model
that falls in the Infinite Gain, Single Feedback (IGSF) class.
IGSF type filters are characterized by two-port input and
feedback networks. Common two-ports used in filters are the
tee network and its bridged tee and twin tee derivatives. If a
digitally controlled potentiometer and a capacitor are used to
implement the tee network, variability and programmability are
added to the circuit.

The circuit in Figure 11 is basically an inverting amplifier where
the input circuit A is a tee network and the feedback circuit B is
a bridged tee network. The movement of the wiper of the
potentiometer introduces a new degree of freedom k in the
filter design where k is a number that varies from 0 to 1 and
reflects the proportionate position of the wiper from one end of
the pot (0) to the other end of the pot (1). The gain expression
or transfer function of the filter is found by finding the ratio of
the short-circuit admittance coefficients of the input and
feedback networks. For this circuit,

<

o Yaa_ 1/kR(1-k)RC,C,

Vs Y128

s?+s[(1/k(1-K)RC,1+1/k(1 —k)R*C,C,

This is the classic expression for a second order filter given by

s 24 s(0,/Q) + 02

where Ag, 0, and Q represent the passband gain,
characteristic frequency, and figure of merit respectively.

From the gain expression,

A0=1,

1

0, = ——,

k(1-K)R?C,C,

and

0. e
C,

The movement of the wiper described by k(1-k) in the
expressions for g and Q is parabolic. Depending on the
application, the digitally controlled potentiometers can be
programmed to optimize the characteristic frequency wg or the
quality factor Q. The accuracy of filter parameters is dependent
on the component sensitivities and the tolerances of the
component values. Precise values of the parameters are
difficult to achieve because precise values of capacitance are
limited and expensive. This limitation in performance can be
overcome using the programmable tee network. The X9418 is
dual potentiometer device with a 2-wire (I12C) interface and the
ganging of the potentiometer wipers is done through the
software.

For the circuit values shown in Figure 11, the filter can be
programmed for a theoretical maximally flat magnitude (MFM
or Butterworth) response when k=13/63. For this value of k,
Q=0.704 and f, = 6.85kHz. The measured response for this
setting is shown in Figure 12. When the programmable tee
network is at its limits (k=0 or k=1), the circuit reduces to a first
order low pass RC filter whose cutoff frequency is determined
by the 10kQ resistance of the potentiometer and C..

The electronic potentiometer adds variability to the filter circuit
and its digital controls, through its computer-controlled serial
bus, provides programmability. An automated closed-loop
calibration procedure to program or calibrate the filter saves
test time and provides enhanced performance and security.
(Published in Electronic Design, October 4, 1999.)
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FIGURE 12. MFM RESPONSE OF IGSF FILTER

| to V Convertor

The circuit in Figure 13 is an input current () to output voltage
(V) convertor. The feedback portion of the circuit is a tee
network of resistive elements consisting of a digitally controlled
potentiometer and a fixed resistor R{(=R). The input-output
relationship for the | to V convertor is

VO_

(1+k-k2)
| "k

S
where k is a number that varies from 0 to 1 and reflects the
proportionate position of the wiper from one end (0) of the
potentiometer to the other end (1). The programming of the
location of the wiper changes the scale factor between the
input current and output voltage without changing the values of
any of the resistances and avoids the use of high value
resistors in measuring low values of current. As k goes from 1 to
0, the scale factor goes from —R (1) to a theoretical —R(«). The
high impedance output of many transducers, like photodiodes
and photovoltaic cells, is modeled as a current source.
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The programming of the 100 tap potentiometer provides for a
two-decade change in effective resistance thus allowing the
circuit to measure at least three decades of current. For the
values shown, the circuit can measure current from 1pA to
TmA.

If we connect the tee network as shown in Figure 14, the
expression for the scale factor changes to a parabolic-like
expression given as -R(1+k-k2). This network can also be used
in the traditional inverting amplifier circuit, Figure 15, to provide
a variable gain described by

(1-KR kR

—
—AAA—
%R

Vo RU+k-K)

Vs R1

As k goes from 1 to 0, the magnitude of the gain goes from
R/R4 to 1.25 (R/R4) to R/R thus providing for a 25% variation
in the circuit’s voltage gain.Tee-like Network:
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FIGURE 14. | TO V CONVERTOR (VERSION 2) FIGURE 15. AMPLIFIER WITH VARIABLE GAIN
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Notice

1. Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products and application examples. You are fully responsible for
the incorporation or any other use of the circuits, software, and information in the design of your product or system. Renesas Electronics disclaims any and all liability for any losses and damages incurred by
you or third parties arising from the use of these circuits, software, or information.

2. Renesas Electronics hereby expressly disclaims any warranties against and liability for infringement or any other claims involving patents, copyrights, or other intellectual property rights of third parties, by or
arising from the use of Renesas Electronics products or technical information described in this document, including but not limited to, the product data, drawings, charts, programs, algorithms, and application
examples.

No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics or others.

4. You shall not alter, modify, copy, or reverse engineer any Renesas Electronics product, whether in whole or in part. Renesas Electronics disclaims any and all liability for any losses or damages incurred by
you or third parties arising from such alteration, modification, copying or reverse engineering.

5. Renesas Electronics products are classified according to the following two quality grades: “Standard” and “High Quality”. The intended applications for each Renesas Electronics product depends on the
product's quality grade, as indicated below.

"Standard": Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home electronic appliances; machine tools; personal electronic
equipment; industrial robots; etc.
"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control (traffic lights); larg: le corr { i ; key financial terminal systems; safety control equipment; etc.

Unless expressly designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas Electronics document, Renesas Electronics products are
not intended or authorized for use in products or systems that may pose a direct threat to human life or bodily injury (artificial life support devices or systems; surgical implantations; etc.), or may cause
serious property damage (space system; undersea repeaters; nuclear power control systems; aircraft control systems; key plant systems; military equipment; etc.). Renesas Electronics disclaims any and all
liability for any damages or losses incurred by you or any third parties arising from the use of any Renesas Electronics product that is inconsistent with any Renesas Electronics data sheet, user’'s manual or
other Renesas Electronics document.

6. When using Renesas Electronics products, refer to the latest product information (data sheets, user's manuals, application notes, “General Notes for Handling and Using Semiconductor Devices” in the
reliability handbook, etc.), and ensure that usage conditions are within the ranges specified by Renesas Electronics with respect to maximum ratings, operating power supply voltage range, heat dissipation
characteristics, installation, etc. Renesas Electronics disclaims any and all liability for any malfunctions, failure or accident arising out of the use of Renesas Electronics products outside of such specified
ranges.

7. Although Renesas Electronics endeavors to improve the quality and reliability of Renesas Electronics products, semiconductor products have specific characteristics, such as the occurrence of failure at a
certain rate and malfunctions under certain use conditions. Unless designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas
Electronics document, Renesas Electronics products are not subject to radiation resistance design. You are responsible for implementing safety measures to guard against the possibility of bodily injury, injury
or damage caused by fire, and/or danger to the public in the event of a failure or malfunction of Renesas Electronics products, such as safety design for hardware and software, including but not limited to
redundancy, fire control and malfunction prevention, appropriate treatment for aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult
and impractical, you are responsible for evaluating the safety of the final products or systems manufactured by you.

8. Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas Electronics product. You are responsible for carefully and

sufficiently investi i laws and ions that regulate the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive, and using Renesas Electronics
products in compliance with all these applicable laws and regulations. Renesas Electronics disclaims any and all liability for damages or losses occurring as a result of your noncompliance with applicable
laws and regulations.

9. Renesas Electronics products and technologies shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable domestic or foreign laws
or regulations. You shall comply with any applicable export control laws and regulations promulgated and administered by the governments of any countries asserting jurisdiction over the parties or

transactions.

o

. Itis the responsibility of the buyer or distributor of Renesas Electronics products, or any other party who di

party in advance of the contents and conditions set forth in this document.
11. This document shall not be reprinted, reproduced or duplicated in any form, in whole or in part, without prior written consent of Renesas Electronics.

12. Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas Electronics products.

(Note 1) “Renesas Electronics” as used in this document means Renesas Electronics Corporation and also includes its directly or indirectly controlled subsidiaries.

(Note 2) “Renesas Electronics product(s)” means any product developed or manufactured by or for Renesas Electronics.

butes, disposes of, or of ise sells or transfers the product to a third party, to notify such third
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