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ME3100 Analog Circuits Design
Lab 6
Designing an Audio Equalizer
This courseware product contains scholarly and technical information and is protected by copyright laws and international treaties. No part of this publication may be reproduced by any means, be it transmitted, transcribed, photocopied, stored in a retrieval system, or translated into any language in any form, without the prior written permission of Acehub Vista Sdn. Bhd.  

The use of the courseware product and all other products developed and/or distributed by Acehub Vista Sdn. Bhd. are subject to the applicable License Agreement. 

For further information, see the Courseware Product License Agreement.
Objective

i) To design and evaluate the performance of an op-amp-based audio equalizer
Equipment Required

i) ME3100 Analog Circuit Design Training Kit
ii) 50 MHz Oscilloscope or equivalent, recommendation : Agilent DSO1002A 60 MHz or U2701A

iii) 10 MHz Function Generator or equivalent, recommendation : Agilent 33220A or U2761A

iv) Dual Output (+/- 12V, 0.5A) DC Power Supply, recommendation : Agilent E3631A

Note: setup instruction and basic operation of U2761A and U2701A are provided in the appendix.

1. Introduction
Audio equalizers allow listeners to adjust the audio quality of a sound or music to their liking, or to compensate for the external factors such as irregularity of the listening environment or speaker anomalies. This is achieved by allowing listeners to selectively adjust the amplitude of individual bands of frequencies to their preference.
A normal equalizer is usually implemented using banks of bandpass filters, each covering a different range of the audio frequency. The gain of each band can be independently adjusted to boost or cut its amplitude. A common approach to implement these bandpass filters is to use the LRC filter types that consist of inductors, resistors, and capacitors. However, the size of the inductor required to work at the audio frequency range tends to be too big. Hence, it would be more practical to use simulated inductors, or also known as gyrators.
In this experiment, a variable gain op-amp-based amplifier is first designed. An op-amp-based gyrator using R and C components will then be investigated. This is then used together with capacitors to implement bandpass filters of different passband frequencies covering the audio range. The circuits are then combined to perform the function of the (graphic) equalizer.
2. Equalizer Characteristics and Implementation
An audio equalizer normally employs banks of bandpass filters that are centered on octave intervals. For instance, a 5-band equalizer will utilize five bandpass filters with resonating frequencies of 50 Hz, 200 Hz, 800 Hz, 3200 Hz, and 12800 Hz (i.e., in a 2-octave step equalizer). A typical characteristic of an active equalizer is shown in Figure 1(a), where the individual gain of each bandpass filter can be independently boosted or cut (i.e., attenuated) as shown in Figure 1(b).
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An overlapping frequency band of adjacent filters is needed in order to have the equalizer cover the whole frequency range. The amount of overlapping frequencies will depend on the number of bands utilized by the equalizer and will determine the ripple of the overall response. Obviously, an equalizer with fewer bands will need more overlap, and hence need to have a wider passband per bank. This can be controlled by using filters of different Q factors. For instance, a 2-octave equalizer requiring a ripple of 2.5 dB will need filters with Q of approximately 0.85.
Hence, an equalizer will consist of two modules: banks of bandpass filters and a variable gain amplifier. Figure 2 shows a circuit that can provide the response similar to that shown in Figure 1(b), depending on the setting of the potentiometer R2. In this circuit, ZF is the bandpass filter that simply behaves like a resistor of value RF at its resonating frequency. Multiple banks of ZF and R2 connected in parallel, between the input terminals of U1, will then produce the overall response as shown in Figure 1(a).
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3. Design of the Variable Gain Amplifier
To understand how the circuit in Figure 2 achieves the Boost and Cut functionalities, first observe that the net voltage across R2 is always equal to zero under normal operation, i.e., ‘clamped’ by the two input terminals of the op-amp due to the output feedback. As such, it will have no effect and can be deleted from the circuit when ZF is adjusted to the two extreme ends of the potentiometer R2 as shown in 
Figure 3 (where ZF is replaced by RF).
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When RF is at the position shown in Figure 3(i), it forms a potential divider with R1 at the input, and is then connected to a unity gain amplifier. The gain of the circuit is as follows:
                     GMIN = RF / (RF + R1)   
(i)

When RF is at the position shown in Figure 3(ii), it forms a non-inverting amplifier with the op-amp U1 and feedback resistor R1. The gain of the circuit is as follows:

                     GMAX = (RF + R1) / RF   
(ii)

Hence, equation (i) indicates the maximum attenuation (cut) provided by the circuit, while equation (ii) is the maximum gain (boost) available from the circuit. Any other setting of potentiometer R2 will provide a gain between these two values, passing through 0 dB at the 50% setting.
Another point to note is when RF is removed from the circuit (i.e., when the operating frequency is outside the bandwidth of the bandpass filter of the equalizer), the circuit simply behaves like a unity gain amplifier. 

The full expression of the circuit’s gain is given in equation (iii) below, where R2a and R2b are fractions of R2, proportional to the setting of the potentiometer. 
        GEQU = (R1R2a + R2aR2b + R2aRF + R2bRF) / (R1R2b + R2aR2b + R2aRF + R2bRF) 

(iii)

Optional: Derive the gain expression of the equalizer circuit and shows that it is equal to equation (iii).
Exercise
Show that equation (iii) is simplified to equation (i) and equation (ii) for the cases of R2a = 0, and R2b = 0 respectively.
However, the actual value of the potentiometer R2 does have some practical implications. A higher resistance value will minimize the loading of the op-amp inputs (ideally should be infinity), but creates higher non-linear control-gain characteristics (i.e., the gain adjustment is much more sensitive towards the two ends of the position of the potentiometer). A lower value will improve the gain-control linear characteristics, but affects the performance of the op-amp due to loading. A compromise value of 10KΩ is experimentally found to be suitable for this circuit. 
Design Specifications
(a) The equalizer is to provide a variable gain in the range of ±15 dB. Assuming that the value of RF used will be 330 Ω, determine the value required for resistors R1.

Implementation and Measurements
(a) Connect the circuit as shown in Figure 4, using the value that you calculated for R1.
Comentário: o amplificador com ganho variável, analisado nos itens b, c, d abaixo pode ser omitido da prática pois foi analisado parcialmente no Laboratorio 2 – Equalizador Paramétrico. Nesta prática é realizada uma análise mais detalhada.
(b) Apply a 500 mV peak-to-peak (pk-pk) signal to VIN, covering the frequency range of 20 Hz to 20 KHz. Measure the gain of the circuit and plot the frequency response on a semi-log graph for various approximate settings of the 10K Ω R2 potentiometer as follows:
i) 0%
ii) 25%
iii) 50%
iv) 75%
v) 100%
(c) Verify that the circuit response is as expected.
(d) Disconnect RF and measure the frequency response of the circuit. This is equivalent to the situation where the frequency is outside of the passband of the bandpass filter. This situation will be investigated later.
Comentário: Another point to note is when RF is removed from the circuit (i.e., when the operating frequency is outside the bandwidth of the bandpass filter of the equalizer), the circuit simply behaves like a unity gain amplifier. 

(e) Optional: Change R2 to a 50K Ω potentiometer. Observe the response of the circuit when a 
1000 Hz frequency signal applied at VIN as the potentiometer position is changed from 0% to 100%. Compare the observations with that of 10K Ω R2 and describe the differences observed.
(f) Optional: Repeat step (d) with R2 = 100 Ω
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4. Design of an Op-Amp-Based Simulated Inductor (Gyrator)
The required bandpass filters ZF for the equalizer can be implemented using a series LRC filter as shown in Figure 2, but will require an inductor with an excessive size when operating at the audio frequency range. Figure 5 shows an op-amp-based circuit that produces a response similar to a single-end grounded inductor with a series resistor, where RF can be considered to be the series resistance of a practical inductor. 
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Intuitive understanding of how this is achieved by the circuit is to note that when a step voltage is applied at the input as shown, the voltage waveforms across the resistor RF are similar in both circuits (assuming an ideal op-amp with an infinite slew rate). Hence, the circuit mimics the behavior of an inductor to resist change in its current. For this to function, the capacitor CL must behave like a short circuit during the transient change, and this is best achieved by having RL to be of high impedance (hundreds of KΩ) to minimize the loading of CL.

Due to the limitation of the op-amp when operating at higher frequency, RF needs to have a minimum value (a few hundred ohm) in order to more accurately produce the high impedance characteristics of the inductor at high frequency. This unfortunately means that filters implemented using this gyrator cannot achieve very high Q (Quality factor) characteristics. However, this is not an issue for the equalizer application here, for which a relatively low Q is more than sufficient. Another restriction to note is that the inductor needs to have one of its terminals always grounded. This limits the inductor to be used for only highpass and bandpass types of filters, such as the case for the equalizer to be implemented in this experiment.
Design Specifications
(a) Based on the gyrator circuit shown in Figure 5, design a series LRC bandpass filter with the following specifications:
i) Resonant frequency ≈ 1000 Hz
ii) Q ≈ 0.85
The value of RL can be assumed to be 100KΩ, and 330Ω for RF. These values can be fine-tuned if it is found to be not suitable to meet the required specifications.
(b) Connect the 1000 Hz gyrator design with the resonating capacitor CF and a resistor RS of 1K Ω as shown in Figure 6. 
i) Apply a 1 V pk-pk signal to VIN, covering the frequency range of 20 Hz to 20 KHz. Measure and plot the frequency response of the circuit on a semi-log graph. Note that the LRC circuit performs a band-reject function with this connection.
ii) Verify that the characteristics of the LRC filter meet the design specifications listed above.
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(c) Optional: Fine tuning of the Gyrator 
i) Change the values of CF and RF to observe their effect on the LRC frequency response. Note that for an ideal inductor, the value of RF would be zero.
ii) Change the values of CL and RL to observe their effect on the LRC frequency response. 
Based on the above results, verify the suitable values to be used for RF, CL and RL.

5. Single-Band Equalizer Design and Implementation
Based on the designs and performance measurements in the earlier sections, the circuits can be combined to implement the audio equalizer as shown in Figure 7. At the resonant frequency designed for the LRC filter bank, only RF will be connected between R2 and ground.
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i) Design and assemble the equalizer that provides the following performance specifications:
ii) Resonant frequency ≈ 1000 Hz
iii) Q ≈ 0.85
iv) Adjustable gain ≈ ±15 dB

(b) Apply a 200 mV pk-pk signal to VIN and measure the frequency response of the equalizer over the range 20 Hz to 20 KHz to verify the performance of your design.
(c) The ME3100 Analog Circuit Design Board contains three LED bar-graph display circuits (U3, U4, and U5) based on the LM3915 driver IC. These can be used in conjunction with the equalizer output to provide a visual display of the equalizer gain adjustment.
i) Study the schematic of the U4 display circuit and data sheet of the IC driver LM3915. Connect the necessary components to set up a bar graph display system that operates with a full scale input level set to 5 V.
ii) Connect VO of the equalizer output to the input of U4 at test point T51. Apply a 200 mV pk-pk 1 KHz signal to the equalizer input. Adjust the equalizer gain and observe that the bar-graph display circuit is operating as expected.

6. Three-Band Equalizer Design and Implementation
The single-band equalizer can be extended to multi-band by connecting multiple bandpass filters in parallel. Figure 8 shows a 3-band equalizer based on a single variable gain amplifier, using the gyrator based bandpass filter of different resonant frequencies.
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Discussion: Explain how the three bandpass filters can be operated with only one variable band amplifier, and discuss the possible practical limitations with such an arrangement to extend it with more bands controls.

(a) Design a 3-band 2-octave equalizer that meets the following performance specifications:
i) Center frequencies of the three bands ≈ 250 Hz, 1000 Hz, and 4000 Hz
ii) Q ≈ 0.85 for each band 
iii) Adjustable gain ≈ ±15 dB for each band

(b) Assemble the circuit and measure the overall frequency response as before, for the following combination settings:

i) All R2 set at their maximum position

ii) All R2 set at their minimum position

iii) Two of the R2 set at their half-way position, and adjust the other R2 to its maximum, and then minimum settings

(c) Study the measurements obtained and verify that the equalizer operates as designed.

7. Evaluation of the 3-Band Equalizer

The ME3100 Analog Circuit Design Board provides an embedded audio sound module (M1: SOMO-14D) that can be used to playback sound and music stored in its microSD memory card, albeit at a very low power level. The board also contains a 150 mW, 8 Ω speaker (SPK1) suitable for playback of audio signals. As such, they can be used together to test the effectiveness of the 3-band graphic equalizer designed in this experiment.

(a) Study the data sheet of the M1 sound module (SOMO-14D) and its onboard schematics.
(b) Start the playback of one of the sample music stored in the card. Use the oscilloscope to observe its output waveform (at test point T20), in particular the maximum amplitude of the signal. Verify whether the characteristics of the signal source will be compatible to the input operating range of the equalizer.
(c) To prevent the loading of the signal source, a buffer circuit will also be needed to isolate the signal source from the filter banks of the equalizer. 

i) Design a buffer circuit that will be suitable for this purpose, based on the characteristics of the signal source observed from step (b) above.
ii) Connect the audio signal source at T20, through your buffer circuit, to the equalizer. The equalizer can then be used to drive the onboard speaker SPK1 for playback of the sample music. However, first examine whether DC isolation is needed between the equalizer output and the speaker.


(d) With all the interfaces properly connected, start the playback of the sample music through the onboard speaker. If your circuit design is successful, you will be able to hear the change in the music quality as you adjust the equalizer controls. 
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Figure � SEQ Figure \* ARABIC �1� – Typical Equalizer Characteristics
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Figure � SEQ Figure \* ARABIC �2� – Equalizer Implementation





Figure � SEQ Figure \* ARABIC �3� – Equalizer Adjustments
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Figure � SEQ Figure \* ARABIC �4� – Equalizer Implementation





Figure � SEQ Figure \* ARABIC �5� – Simulated Inductor
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Figure � SEQ Figure \* ARABIC �6� – LRC Performance Measurement





Figure � SEQ Figure \* ARABIC �7� – Gyrator-based Equalizer
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Figure � SEQ Figure \* ARABIC �8� – Three-Band Gyrator Based Equalizer
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