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 1 Introduction.
The Loop Filter V4.1 circuit design implements a PID controller for laser frequency stabilization. The 
Loop Filter takes in a voltage signal proportional to the difference between the actual laser frequency 
and the frequency required to lock the laser to an optical reference. The Loop Filter circuit amplifies 
and filters this error signal and outputs a voltage signal to the laser Current Controller, which adjusts 
the laser current drive to minimize the laser frequency error.

Figure 1. Laser frequency correction feedback system. The Loop Filter modulates the Current
Controller output to minimize the laser frequency error.

 2 Circuit Design Specifications.
 2.1 Input Signal (Vin)

 2.1.1 Amplitude range: +/- 100mV.
 2.1.2 Bandwidth: DC to 10 MHz.

 2.2 Output Signal (Vout)
 2.2.1 Amplitude range: +/- 12V. Note: to match Current Controller DC Modulator 

circuit's voltage compliance range.
 2.2.2 Bandwidth: DC to 10 MHz.

 2.3 Vout / Vin Transfer Characteristic:
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Figure 2.  Vout / Vin Transfer Characteristic.
 2.3.1 Fpi: 1 kHz to 200 kHz.
 2.3.2 Fpd: 10 kHz to 500 kHz.
 2.3.3 Fc: 10 MHz.
 2.3.4 Max Lead Gain: 15dB (Gain at Fpd x 5.6234)

 2.4 Time Delay, Vin to Vout: 1 us or less.

 3 Circuit Design Description.
 3.1 Block Diagram.

Figure 3. Circuit Block Diagram
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 3.2 Circuit Gain.
Each of the Difference, Differentiation and Integrator amplifiers has a fixed gain of x10, for an overall 
gain of x1000 from input to output. A resistor ladder attenuates the input signal by factors of x1, x0.2, 
x0.1, x 0.02, x0.01, x0.002, x0.001, x0.0002 and x0.0001 selected via a rotary switch. A trimpot 
provides an additional attenuation factor of x1 to x0.1.

 3.3 Circuit Frequency Response.
 3.3.1 Difference Amplifier (Proportional) Stage.

The difference amplifier gain remains flat until it reaches the cutoff frequency defined by the op amp's 
feedback network. From this point forward it rolls off at a rate of 20dB/decade.

Figure 4. Difference Amplifier Gain transfer characteristic.

 3.3.2 Differentiation Stage
The differentiation amplifier transfer characteristic is shown in Figure 5. The amplifier design produces
a corner frequency (designated as “fROLL”) such that gain at this frequency is 15dB (x5.6234) higher 
than the gain at the lead frequency fPD.  The lead frequency is selected in 11 discrete steps between 10 
kHz and 500 kHz via a rotary switch.
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Figure 5. Differentiation Amplifier transfer characteristic.
\

 3.3.3 Integration Stage.
The Integrator amplifier stage transfer characteristic is shown in Figure 6. The amplifier gain is 
“infinite” at DC, limited by the output compliance range of the op amp used for this stage. The 
frequency labeled “fPI” is selected via a rotary switch; the cutoff frequency “fC” also changes with the 
switch setting, and the amplifier design guarantees that this frequency is always greater than 10MHz 
for all settings. This stage is also designed to generate an output signal of 0VDC when the frequency 
selection switch is set to “Acquire” mode.
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Figure 6.  Integrator Stage Gain transfer characteristic.

 3.3.4 Composite Transfer Characteristic.
By cascading the Proportional, Differentiation and Integration stages we are able to add the individual 
trasnfer characteristics in the frequency domain (corresponding to a convolution operation in the time 
domain) to obtain the composite transfer characteristic shown in Figure 7.

Figure 7. Composite transfer characteristic. Attenuation factor = x1.
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 4 Detail Design Description.
Refer to the circuit schematic Loop Filter V.4.1. For the components referenced in this description.

 4.1 Power Supplies.
The +/-15V supplies available at the DIN header J1 are filtered and down-regulated to +12V (VDD) 
and -12V (VEE) by U2 and U3 respectively. These low-dropout regulators (LDOs) were chosen 
because they are available in multiple fixed output voltage variants, allowing for an easy power rail 
voltage change, thus facilitating the use of alternate op amps with different power requirements in 
future iterations of the design. These LDOs require at least 10uF, low ESR capacitors at their output 
terminals to remain stable.

 4.2 Difference Amplifier.
The difference amplifier U1 (AD8021) outputs the difference between the input voltage at J2 and the 
reference at U7. This reference voltage can be shorted to GND if desired. Switch S1 selects the 
difference amplifier's output signal polarity. The difference amplifier has a gain of x10 (20dB) and a 
-3dB bandwidth set by R13 and C31 to ~12MHz. The difference amplifier output signal Bode plot is 
shown in Figure 8.

Figure 8. Difference Amplifier output signal Bode plot.

 4.3 Attenuation Resistor Network.
U5, S2 and associated resistor ladders provide attenuation factors such that the overall circuit gain can 
be selected between the following values: x1000, x500, x100, x50, x10, x5, x1, x0.5 and x0.1. 
Furthermore, the potentiometer X4 at the Difference Amplifier's output provides a fine-adjustment 
attenuation factor of x10 (20dB).
Switch S2 is a single-pole, 12 throw, 2-deck unit to facilitate having the same equivalent resistances at 
U5's (+) and (-) input terminals. This in turn minimizes the output signal's DC offset resulting from the 
input offset current of the device, hence preventing saturation of the subsequent amplification stages.
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 4.4 Differentiation Amplifier.
The differentiation amplifier built around U4 has the frequency response shown in Figure 9.

Figure 9. Differentiation Amplifier Bode plot.
The lead frequency fPD  is set by the capacitor labeled “CL”, selected from a capacitor bank via the 
rotary switch S3.
The design equations are as follows:

fPD  = 1/(2*pi* R50 * CL);
fROLLOFF  = 1 / (2 * pi * R48 * CL);
Low-frequency gain (dB) = LFG_dB = 20 * log (R47 / R50);
High-frequency gain (dB) = HFG_dB = LFG_dB + 15 = 35dB
High-frequency gain (V/V) = HFG_VV = 10 ^ (HFG_dB/20) = 56.2341
From this value of HFG_VV the value of R48 can be calculated as follows:
R48 = (R47 * R50) / ((R50 * HFG_VV) - R47)

The resistor R49 at U4's positive input is chosen to make the resistances at the op amp's (+) and (-) 
terminals approximately equal, hence minimizing the output offset voltage associated with the op amp's
input offset current.
The trimpot X5 and resistor R46 add a small offset voltage to further reduce the error at the amplifier's 
output.

 4.5 Integration Amplifier.
The integration amplifier built around U6 has the transfer characteristic shown in Figure 10.
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Figure 10. Integration Amplifier Bode plot.
At DC, the op amp's feedback network is effectively open, and the amplifier has “infinite” gain (limited
by the op amp's output voltage compliance). In practice, the gain starts to roll off at a frequency set by 
R52 and the capacitor across U6-6 and U6-2 (CLAG). The transfer curve flattens at a frequency fPI  

(gain = +3dB) set by is set by R55 and CFL. The transfer curve remains flat until it reaches a rolloff 
frequency set by R53 and CFL. This amplifier requires two banks of capacitors selected via a double-
deck, single-pole 12 throw rotary switch S4. The values of the capacitors in the two banks are identical 
to each other.
One of the positions of switch S4 shorts the feedback network across U6, effectively causing its output 
to be connected to ground.
The resistor R54 at U6's positive input is chosen to make the resistances at the op amp's (+) and (-) 
terminals approximately equal, hence minimizing the output offset voltage associated with the op amp's
input offset current.
The trimpot X6 and resistor R51 add a small offset voltage to further reduce the error at the amplifier's 
output.
The design equations are as follows:

fROLLOFF  = 1 / (2 * pi * R52 * CLAG);
fPI = 1 / (2 * pi * R55 * CFL)
Gain at DC = “infinite” (due to blocking capacitor C39);
Gain at frequencies > fPI = x1 (0dB)

NOTE: Having infinite gain at DC means the integrator will amplify the DC offset error of its 
preceding amplification stage and output a ramping voltage in response. This ramp will drive the 
amplifier's output towards either one of its power rails,eventually causing the amplifier to saturate. The 
Figure 11 shows the integration amplifier's output in response to a 10kHz sine wave measuring 2mVpp 
centered at around 0.5mV DC at its input. This small DC offset causes the output of the integration 
amplifier to eventually saturate.
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Figure 11. Integration Amplifier output ramps towards saturation in response to a 0.5mV DC offset at
its input.
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