Multi-op amps Biquads

Inductor replacement technique.

* The well-known LC filters can be converted to their active RC counterparts by developing a circuit to simulate the rule of the passive inductor. A famous inductor realization called Antoniou circuit after its generator is shown in Fig. 1. It uses two op amps and six resistors. The circuit exhibits input impedance of an ideal inductor.
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Fig. 1: Antoniou inductance-simulation circuit

Example 1: Show that the circuit of Fig. 1 is equivalent to an inductor.
Solution: The input impedance 
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of the circuit of Fig. 1 can be determined by several ways. But the following smart procedure is adapted.

1. Note that voltages at the four inputs of the two op amps are the same and equal to V1.

2. Since the current through C4 is V1/R5, KVL gives:
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3. Using (1), the current through R3 and R2 is given by:
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4. By KVL again:
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5. By ohm’s law:
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Thus, the input impedance is equivalent to that of an inductance L given by L=C4R1R3R5/R2
* The LCR resonator shown in Fig. 2(a) can be used to realize different filter types after replacing L by the simulated inductor circuit as shown in Fig. 2(b).
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Fig. 2: (a) An LCR resonator (b) An op amp-RC resonator obtained by replacing the inductor L in the LCR resonator
* The second-order resonator circuit will have a pole frequency: 
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and a pole Q factor of:
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Usually, for designing C4=C6=C and R1=R2=R3=R5=R which reduces the pole frequency and Q factor to: ωo=1/CR and Q=R6/R.
* By applying the input to different nodes x, y, z and taking the output from node Vr, different filter can be obtained as summarized in Table I. Note that a buffer circuit is needed before connecting this filter to a load to avoid changing the filter characteristics.  

Table I: Different filters obtained from the circuit of Fig. 2(b)

	Node x
	Node y
	Node z 
	Resulted filter

	Vi
	ground
	ground
	LPF

	ground
	Vi
	ground
	HPF

	ground
	ground
	Vi
	BPF

	Vi
	Vi
	ground
	Notch at wo


* Allpass filter can be realized when the Vi is connected to y and x with the help of the difference amplifier as shown in Fig. 3.
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Fig. 3: Allpass filter obtained from the resonator circuit of Fig. 2(a) with the help of an additional amplifier.

Two-integrator-loop KHN topology
* Another systematic approach of developing second-order filters is to use summing block and two cascaded integrators connected in feedback loop as shown in Fig. 3(a). 
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Fig. 4: KHN biquad (a) block diagram (b) op amp circuit
* Using signal flow graph, it can be shown that the output of the summer realizes a highpass biquad. Thus, it follows that the output of the first integrator is a bandpass filter and the output of the second integrator is a lowpass filter.

* The op amp resulting circuit is shown in Fig. 4(b). It is known as Kerwin-Huelsman-Newcomb (KHN) biquad after its invertors. This filter provides three simultaneous functions namely: HPF, BPF and LPF at the output of op amp1, op amp2 and op amp3, respectively.
Example 2: (a) Analyze the circuit shown in Fig. 4(b) to find the transfer function of the different filters. (b) Find different parameters of these filters.

Solution: (a) The circuit can be analyzed as follows. First find VHP in terms of the input, VBP and VLP.

KCL at v+ of the op amp at the left:
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KCL at v- of the same op amp:
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But v+=v-
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       (1)    

From the first integrator:
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From second integrator:
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Substituting (2) and (3) in (1) results in:
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Solving for VHP yields:
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Usually, Rf=R1, R4=R5, and C1=C2=C are selected reducing the above equation:
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Using (2) and (3)
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(b) Therefore, the pole frequency, BW and the pole Q factors are given by:
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The last equation can be used to design R2, R3 for a given Q.
It can be shown that the gains of the different filters are given by:
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* A summing amplifier shown in Fig. 5 can be used to generate notch and allpass filters by properly adding the output functions. 
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Fig. 5: Op amp summer with three inputs

a) To produce notch filter, the HP and the LP responses can be added resulting in:
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This will result in a zero frequency at 
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capable of producing different types of notch filters. 


(b) To provide allpass function the three output must be added.
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Thus, allpass response requires RH=RB=RL=RS, and R2=R3 which will make 
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Two-integrator-loop Tow-Thomas topology

* The two-integrator loop biquad can alternatively be developed using the block diagram of Fig. 6(a). This topology consists of lossy integrator, lossless integrator followed by inverting amplifier. The op amp based counterpart biquad is shown in Fig. 6(b) known as Tow-Thomas circuit, after its invertors. 

* This circuit can be used to simultaneously realize BPF (at the output of op amp1), LPF (at the output of op amp2) and inverting LPF (at the output of op amp3).
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Fig. 6: Tow-Thomas biquad (a) block diagram (b) op amp circuit

Example 3: (a) analyze the circuit shown in Fig. 6(b) to find the transfer function of the different filters. (b) find different parameters of the filters.
Solution: 

(a) 

1. It is clear that if the output of op amp2 is VLP, the output of op amp3 will be -VLP

2. KCL at v- of the first op amp:


[image: image32.wmf]()0

bp

i

V

V

VLP

VbpsC

RgRdR

-

-

++-+=
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3. From the ideal integrator, it can be easly shown that:
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Substituting (2) in (1) and solving for Vbp yields:
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Using equation (2) gives:
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(b)

 The pole frequency, BW and pole Q factor are given by:
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The bandpass and low pass gains are respectively given by:
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* To design the circuit, the following steps are followed. First, R and C are selected for a given ωo , R and C are selected. Then, Rd is chosen to satisfy the required Q. Finally, Rg is selected to meet the gain requirements. 

* Since this circuit does not provide HPF response, notch and allpass filters cannot be obtained using the method discussed in the KHN filter. Instead, additional passive elements C1, R2, and R3 can be used to inject the input at different nodes. Hence, different functions are produced at the output of the first op amp as shown in Fig. 7. 
* Straightforward analysis of the circuit of Fig. 7 yields:
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which can be used to generate different filter functions by properly selecting the passive elements. 


[image: image42.emf]QR

R

r

V

i

R

C

C

V

o

r

R

1

C

1

R

2

R

3


_1183333156.unknown

_1183334793.unknown

_1183565444.vsd
1


R5


I1


2


V1


R1


R2


R3


C4


Zin


A1


A2



_1183788972.vsd
R2


Rf


R4


Vbp


Vlp


R5



Vi


C2


R3


Vhp


R1


C1


K


wo


s


-


wo


s


-


Vbp


Vi


Vhp


= Vlp


2


å


-1


1


Q


(a)


(b)


wo


s2


Vbp



_1183789081.vsd
+K 


R6


L


C6


z


x


y


Vr


(b)


(a)


R1


R3


R2


C4


R5


R6


C6


z


y


Vr


Vo


Voltage Buffer


+1 


x



_1183791147.vsd
QR


R


r


Vi


R


C


C


Vo


r


R2


R3


R1


C1



_1183565523.vsd
RF


Vo


RB


RH


RL


Vhp


Vlp


Vbp



_1183788289.vsd
Rg


Rd 


R


r


Vi


Vlp


R


C


C


Vbp


-Vlp


å


Vbp


Vi


K


wo


s


-


Vhp


wo


s


-


Vlp


-Vlp


+1


-1


1


Q


(b)


(a)


r



_1183565470.vsd
R1


R3


R2


C4


R5


A1


A2


R6


C6


Vi


Vo


r1


r2



_1183336559.unknown

_1183336726.unknown

_1183336835.unknown

_1183337664.unknown

_1183336799.unknown

_1183336627.unknown

_1183335939.unknown

_1183336207.unknown

_1183335768.unknown

_1183333912.unknown

_1183334350.unknown

_1183334662.unknown

_1183334189.unknown

_1183333345.unknown

_1183333416.unknown

_1183333289.unknown

_1183331063.unknown

_1183332448.unknown

_1183333048.unknown

_1183333115.unknown

_1183332853.unknown

_1183331733.unknown

_1183331953.unknown

_1183331286.unknown

_1183315377.unknown

_1183316515.unknown

_1183330781.unknown

_1183316424.unknown

_1183314122.unknown

_1183315276.unknown

_1183314961.unknown

_1183311235.unknown

