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EEEE 482 — Electronics II

Lab #1:  BJT Differential Amplifier with Resistive Load
and Current-Source Bias
Overview
The objectives of this lab are (1) to design, build, and analyze the performance of a basic BJT-based current source; and (2) to design, build, and analyze the performance of a BJT-based differential amplifier.
Theory
Current Source

The operation of the transistor current source is dependent on transistor parameters and on the load being driven by the current source.  A primary goal in current source design is to minimize the dependence on these parameters and minimize the effect of any load on the current source.  The basic current source that will be designed and built in this lab is shown in Figure 1(a). 
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Figure 1.  (a) Basic,  (b) Current-buffered, and (c) Wilson current sources.
Output Resistance:  An ideal current source has an infinite output resistance.  However, actual current sources have only a finite output resistance.  The output resistance of the basic current source and the current-buffered current source can be shown to be equal to ro of the Q2 transistor.  For the Wilson mirror, however, the theoretical output impedance is found to be 
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, which is much higher than that of the other two sources. 

Dependence of Current on the Load:  Ideally, the current Io provided by a current source should be constant regardless of the load.  In reality, the current is found to depend upon the collector-emitter voltage because of the Early effect, otherwise known as base-width modulation: 
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This lab will use the transistors in an IC array.  The advantage of using a transistor array fabricated on the same substrate is the reduction of transistor parameter mismatch and a nearly-identical temperature of operation of the transistors.  The particular IC array used in this lab is the CA3046 chip (or equivalent NTE912).  There are five transistors on the chip, including a differential pair. 

Differential Amplifier

The response of a differential amplifier has a region in which the output is linearly proportional to the differential input component.  We will operate in this region by keeping the input range small and operating on the small linear section of the voltage transfer curve (VTC). 

Ideally, a differential amplifier will reject signals that are common to both inputs, but this is true only if the current source has infinite output resistance.  In an actual differential amplifier, the common-mode gain will be small, but measurable, and its value can be used to estimate the output resistance of the current source.  Figure 2 shows a resistively-loaded differential amplifier with the single-ended output taken from the collector of Q4.  (The 6 mA current source would be built using one of the topologies in Figure 1.)
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Figure 2.  Differential Amplifier with Resistive Load and Current-Source Bias
The differential-mode and common-mode gains for single-ended output from the differential amplifier are given by 
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respectively, where gm can be calculated from the DC collector current, and Rout(CS) is the output resistance of the current source.

There are a few additional resistors at the input (10 k( and 100 () that form a voltage divider.  This is required since you will ultimately need to constrain the input to Q3 to be much less than 100 mV in order to see an undistorted gain of 800 V/V (the target gain for the multistage amplifier in Lab #3).  Also note that we need vbe < 5 mV in order for our small-signal assumptions for Q3 and Q4 to remain valid.  

We also need to match the DC resistance to ground at each base because of the base currents.  If we ground the base of Q3, then it will be centered at 0 V, while the base current at Q4 will pass through the 100 Ω resistor, causing a few mV to appear as a DC voltage at that point.  This may seem insignificant, but this difference will be multiplied by 800 in the multistage amplifier of Lab #3, and it will greatly affect the DC offset of your circuit.  If both bases see the same resistance to ground, they will both have the same DC voltage.

***NOTE:  THIS IS CRUCIAL AND MUST BE THOROUGHLY UNDERSTOOD***

(1)
See the datasheet on the website for a diagram of the CA3046 chip:


(http://www.intersil.com/data/fn/fn341.pdf .  

Alternatively, see the datasheet on the website for a diagram of the NTE912 chip:




(http://www.nteinc.com/specs/900to999/pdf/nte912.pdf .

(2)
The current source should not be built using transistors Q1 and Q2, or pins 1 – 5, on the chip pinout from the websites given above).  These are not the same as Q1 and Q2 in Figure 1.  The differential pair in the CA3046/NTE912 array will be used to build the differential amplifier. 

(3)
Note that Q5 in the CA3046/NTE912 array has its emitter terminal connected to the substrate.  The substrate terminal in this technology (pin 13) must be tied to the most negative potential in the system — here, the –12 V supply — in order to provide isolation between each of the transistors in the array.  Therefore, Q5 must be used for either Q1 or Q2 in Figure 1, not Q3 or Q4 in Figure 2.

(4)
Note that you will place the HFA3046 (Harris Library) chip in your schematic and then modify the macromodel to create the CA3046/NTE912 part before running the simulation.  Instructions for doing this are located in the Appendix.  

**************************************************************************

Pre-Lab

(1)  Current Source

Review the planned experiments that pertain to the basic current source.  Note that you will be using the CA3046/NTE912 chip and need to modify a PSPICE macromodel for simulations (see Appendix A for details).  The PSPICE macromodel in Appendix A indicates a value of 145.76 for the BF parameter, when combined with IKF, IS, ISE and NE gives a Beta of ~75 at 6mA, so for design purposes use a value of β = 75.  Also, the macromodel indicates a value of 100 for VAF, so use VA = 100 V.
Do design calculations for the basic current source of Figure 1(a).  (You must calculate the value of R required to set Io at 6 mA.  You do not need to account for Early effect in hand calculations.  You will need to round your calculated value of R to a standard 5% value; see Appendix B for a listing of parts that are routinely stocked in the Electrical Engineering labs.)  

Run PSPICE simulations to confirm your designs and to anticipate the outcomes of Lab Exercise parts (1) and (2).  Simulate for a load of RL = 1.5 kΩ in Figure 1(a).
(2)  Differential Amplifier

Review the planned experiments that pertain to the differential amplifier.  Do design calculations for a differential amplifier (Figure 2) with a differential gain of 80 V/V (
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10%), assuming a current source of 6 mA as shown.  Note that this target gain is from the base of Q3 to the output vo, not from vsig to vo.  (You must calculate the value of RC3 (= RC4) and round resistor values to nearest standard 5% values.)  For the design of the differential amplifier, you may ignore base currents and the Early effect at DC.  Design for a load of RL = 10 kΩ in Figure 2.  
Run PSPICE simulations using a CA3046/NTE912 BJT array to confirm your designs and to anticipate the outcomes of Lab Exercise parts (3) and (4).  Note that pins 1-5 correspond to the matched differential pair in the CA3046/NTE912 array.  The biasing should be done with a current source of 6 mA.  Use your current source design from Pre-Lab Part (1).  Simulate for a load of RL = 10 kΩ in Figure 2.

Lab Exercise

 (1) Build the basic current source shown in Figure 1(a) to sink a current of 6 mA through a 1.5 k resistive load, according to your pre-lab design calculations.  Measure the output current Io and the reference current IREF.  (Measure the voltages across the resistors and use Ohm’s Law.  Of course, that means that you should first measure the actual resistances of the resistors when they are removed from the circuit, since their nominal values are subject to a tolerance.)
(2) To observe the effects of varying collector-emitter voltage (Early effect), replace the 1.5 k load with a range of four to eight different standard resistance values to obtain output voltages that range between 1 V and 11 V. The output voltage of the current source is defined here as the voltage between the collector of Q2 and the lower supply voltage.  Be sure to measure the corresponding output currents by measuring the voltage drop across the load resistor.  (As in part (1), you should measure the actual resistances of the load resistors when they are removed from the circuit.)

Note:  Keep the basic current source circuit assembled after testing
for use in the differential amplifier, parts (3) and (4).
(3)
Build the circuit of Figure 2, according to your pre-lab design calculations.  Note that you must remove the load RL from the current mirror circuit that was designed and evaluated in parts (1) and (2).  The load RL from the Figure 1(a) circuit is replaced now by the differential amplifier.  Note also that pins 1-5 correspond to the matched differential pair in the CA3046/NTE912 array.  
(4)
Measure the differential and common mode gains.  Use a sufficiently small input signal vsig for measuring differential gain, as explained on p. 3, to avoid overdriving the amplifier.  Use an input signal of ~2 V amplitude for measuring common-mode gain since the common-mode gain should be much smaller than the differential–mode gain.  
Notes:
(1)
To measure the common mode gain you will need to apply the source voltage vcm to both inputs simultaneously — i.e., Q4 should be driven exactly like Q3 is, as shown in Figure 3.

(2)
To determine how large the input signals can be, consider the gain (differential or common mode) and the DC supply voltages.

(3)
Drive with a 1 kHz sine wave.

Note:  Keep the complete differential amplifier circuit assembled for Lab #3.
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Figure 3.  Common-Mode Stimulus of Differential Amplifier 

Tech Memo Analysis

Address all of the following in your tech memo:

Part 1
· Show the calculations for the design of the current source.

· Show the simulations and measurements for the current source with the nominal design load of 1.5 k(, verifying that your design resulted in the required 6 mA of output current.  

· Show the simulations and measurements for the current source with varying load resistance.  Reference currents, output currents, and output voltages (defined as the drop from the collector of the output transistor to the lower supply) should be summarized.

· Plot the data for the current source with varying load resistance.  Specifically, plot the output current Io vs. the output voltage Vo as Vo was varied from 1 V to 11 V by changing the load resistance.  Extract the effective output resistance from the slope of the plot. 
· Compare the theoretically calculated output resistance with that extracted from the slope of output current vs. output voltage, and explain any discrepancies.
Part 2
· Show the calculations for the design of the differential amplifier. 
· Show the results of your design simulations, including the differential and common-mode responses (and inputs). 

· From your simulated responses, determine the differential-mode and common-mode gains for the differential amplifier, as well as the CMRR.  
· Show the results of your test measurements, including the differential and common-mode responses (and inputs).
· From your test measurements, determine the differential-mode and common-mode gains for the differential amplifier, as well as the CMRR.  

· Using the measured common-mode gain for the differential amplifier with the basic current source, calculate ro for the transistor and determine the value of the Early voltage, VA.  (Hint:  recall that the common-mode gain is directly affected by the output resistance of the current source.) Compare to the macromodel value of VA = 100 V.
Appendix:  CA3046/NTE912 PSPICE File Creation
The HFA3046 transistor array is a high frequency version of the actual chip that we will use in this laboratory.  To do a simulation of the chip used in lab (CA3046/NTE912) you will need to modify the model for the HFA3046 transistor array in PSPICE:

1. Place the HFA3046 part in your schematic and save the schematic file.  

2. Select the HFA3046 part and choose PSpice Model from the edit menu. 

3. Replace the existing HFA3046 model file with the model file for the CA3046/NTE912 part.  

a. Obtain the file CA3046.txt from the following page or download it from MyCourses.  

b. Copy the model statement and paste directly into the HFA3046 model file. 

c. When you are finished, a library file (.lib extension) with the same name as your schematic file will be placed in the same directory where you saved your schematic file.

Now the schematic part is ready to be used in simulation.  

The text of the CA3046.txt file is shown on the next page for reference.

(Text from CA3046.txt file — to be cut-and-pasted into the PSPICE model)

*

*COPYRIGHT (C) 2002 INTERSIL CORPORATION

*ALL RIGHTS RESERVED

*

*HFA3046/3096/3127/3128 PSpice MODEL

*REV: 1-3-94 Updated NPN CJS and VJS

*

*

.SUBCKT HFA3046/HA 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Q1 1 2 3 CA3046

Q2 5 4 3 CA3046

Q3 8 6 7 CA3046

Q4 11 9 10 CA3046

Q5 14 12 13 CA3046

*

***** UHFN - LE=3 WE=50  *****

*

* CA3046 NPN model

* created using Parts release 6.3a on 02/03/97 at 15:57

* Parts is a MicroSim product.

.MODEL CA3046 NPN

+ IS=10.000E-15

+ BF=145.76

+ VAF=100

+ IKF=46.747E-3

+ ISE=114.23E-15

+ NE=1.4830

+ BR=.1001

+ VAR=100

+ IKR=10.010E-3

+ ISC=10.000E-15

+ RC=10

+ CJE=1.0260E-12

+ MJE=.33333

+ CJC=991.79E-15

+ MJC=.33333

+ TF=277.09E-12

+ XTF=309.38

+ VTF=16.364

+ ITF=1.7597

+ TR=10.000E-9

.ENDS

Appendix B:

	 
	 
	 
	 
	 
	 
	 
	 

	Components Available in the Electrical Engineering Labs

	 
	
	
	
	
	
	
	 

	 
	100 Ω
	1.2 kΩ
	3.9 kΩ
	15 kΩ
	1 MΩ
	0.01 µF
	 

	 
	330 Ω
	1.5 kΩ
	4.7 kΩ
	33 kΩ
	1N914
	0.1 µF
	 

	 
	470 Ω
	1.8 kΩ
	5.6 kΩ
	47 kΩ
	1N404
	1 µF
	 

	 
	820 Ω
	2.2 kΩ
	6.8 kΩ
	100 kΩ
	1N4148
	10 µF
	 

	 
	1 kΩ
	3.3 kΩ
	10 kΩ
	470 kΩ
	1N4735
	100 µF
	 

	 
	
	2N3904
	2N3906
	
	 

	 
	
	2N4401
	2N4403
	
	 

	 
	 
	 
	 
	 
	 
	Created:
	8/11/2012
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