
Objectives: 
Students measure the common-emitter output characteristics of a NPN transistor and derive transistor parameters from the data. A diode-connected configuration is also examined. MATLAB is used to fit curves to measured data.
Introduction:
The 2N2222 is a popular NPN small-signal transistor. It is a general-purpose transistor with good bandwidth, current gain and switching characteristics. It comes in two popular packages, the metal TO-18 and the plastic TO-92. Figs. 1 and 2 show the packages and lead configurations. The two versions have slightly different specifications.
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Fig. 1. TO-18 case version. Note that the case is connected to the collector lead. The tab is closest to the emitter.
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Fig. 2. TO-92 case version.












The first part of the procedure involves measuring the transistor’s output characteristics in a common-emitter configuration for two different base currents. Linear regression analyses are performed on data for each base current using MATLAB. Transistor parameters , , gm, ro and VA are obtained. 

In the second part of the procedure, characteristics of a diode-connected configuration are measured. This configuration is used in current mirrors because the transistor is always in the active region and it has very low VCE variation over a broad range of collector current. MATLAB is used to plot the output resistance of the configuration.
Equipment:
One or two digital multimeters (DMM)
Oscilloscope
Triple output power supply
Cables and oscilloscope probes as needed
Solderless breadboard
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Components:
Resistors (Qty): 100  (1), 10 k (1), 100 k (1)
NPN transistor (Qty): 2N2222 (1)
Procedure:
General Information
1.	Consider the following when building and testing the circuits.
a.	The base voltage source and series 100 k resistor used in the first part of the procedure approximates a current source. Monitor the current carefully and keep it close to constant.
b.	When using an oscilloscope to measure VCE, select Hi Res or Average acquisition mode for best measurements. 
Note:	it is best to use a x 10 probe with the oscilloscope.
Common-Emitter Output Characteristics of the 2N2222
2.	Construct the circuit in Fig. 3 for measuring the common-emitter output characteristics as follows.
a.	If you are using the TO-18 version, the collector is connected to the case. Wrap some tape around the case to avoid short circuits if resistor leads accidentally touch it.
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Fig. 3. Circuit for common-emitter output characteristic measurements.

b.	Use the +6 V supply for VBB and the +20 V supply for VCC. Make sure both supplies are set to 0 V dc. 
c.	Connect instruments to measure base current, collector current and collector-emitter voltage.
· Components with “A” and “V” represent a DMM uses as an ammeter and a DMM used as a voltmeter.
· If two ammeters are available, use them to measure IB and IC. Note that current can be calculated from multimeter voltage measurements made across resistors RB and RC. Measure RB and RC with the multimeter if you are using them to find current.
[bookmark: _Hlk15554950]RB value:			RC value:		
· Use the oscilloscope to measure VCE. Select Hi-Res or Average acquisition mode, Auto triggering, 10 msec/div, and have the oscilloscope measure the Average value. 
3.	Make measurements as follows, using Tables 1 and 2 to record your data. Your measurements will drift with temperature changes in the transistor, so record the data as soon as your voltage and current adjustments are complete.
a.	Adjust VCC to set VCE = 2 ± 0.1 V. 
b.	Adjust VBB to set IB = 20 μA ± 1 μA. Record the actual value in the title of Appendix 1, Table 1. Check that VCE = 2 V and readjust VCE if necessary. Then verify that IB is still within tolerance. Measure and record the value of IC and VCE in the table. Use 3 digits of precision.
Note: 	If measuring base current using the voltage across RB, calculate the expected voltage VRB = IBRB using the measured RB value. Then adjust VBB to set that voltage. 
Note: VCE  VCC due to the voltage drop across RC.
c.	Adjust VCC to set VCE = 4 ± 0.1 V. Measure and record the value of VCE and IC. 
d.	Repeat procedure step 3(c) for VCE = 6 V, 8 V, 10 V, 12 V and 14 V.  
e.	Adjust VCC to return VCE to 2 ± 0.1 Vdc. Then adjust VBB to set IB = 40 μA ± 1 μA. Record the actual value of IB in the title of Table 2. Use 3 digits of precision.
f.	Repeat procedure steps 3(c) and 3(d) for the new value of IB. 
Diode-Connected Transistor Circuit
4.	Modify the circuit as shown in Fig. 4 to measure the characteristics of a diode-connected transistor as described below. Your measurements will drift with temperature changes in the transistor, so record the data as soon as your voltage and current adjustments are complete.
a.	Use the +20 V supply for VCC as before. Make sure the supply is set to 0 V dc. 
b.	Replace RC with a 10 kΩ resistor.
c.	Connect instruments to measure IE and VCE.
· You must use the multimeter to measure VCE accurately. 
· IE can be calculated from a multimeter voltage measurement made across RC. If you are calculating IE, measure RC with the multimeter to find its actual resistance and use it in the calculation.
RC value:		
Note:	The current through RC is IE = IC + IB for this transistor configuration.
5.	Make measurements as follows, using Table 3 to record your data.
a.	Adjust VCC to set IE = 250 μA ± 2%. Record the actual value or IE. Measure VCE with the multimeter and record the value. Use 3 digits of precision.
b.	Adjust VCC to set IE = 500 μA ± 2%. Record IE and VCE.
c.	Repeat procedure step 5(b) for the remaining IE values.  
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Fig. 4. Diode-connected transistor circuit.

[bookmark: _Hlk15551412]Results Documentation Summary
6.	You should have the following documentation from the procedure steps.
a.	Be sure that you recorded data and calculated results in steps you were asked to.
b.	Check with your instructor for additional documentation requirements.
Analysis:
1.	Use linear regression analysis on the measured data from Tables 1 and 2 to find best-fit lines matching the data. Select adjoining points on the flattest parts of the curves for the analysis. 
Plot the data from Tables 1 and 2 and the best-fit lines on one graph of IC vs. VCE. Plot only points for the measured data with no interpolated curve between the points. Save a plot that has horizontal VCE axis range from 0 to 15 V.
Find the two Early voltage VA values by calculating the points where the lines intersect the VCE axis from the equations determined by the linear regression algorithm. Remember that VA is positive. Do not simply locate the intersection points graphically. 
The slope from each line is the active-region small-signal collector-emitter conductance go. Find the corresponding ro values.
You can use a similar MATLAB program as the one included in the MOSFET Behavior lab instructions with the polyfit function matching a first order polynomial (line) to the data subset. If you use that program, remember that IC is in mA.
2.	Plot the measured data from Table 3 on a graph of VCE vs. IE. Create a 4th-order polynomial curve fit to the data and plot that curve on the same graph. Restrict the IE axis to range used for measurements. On a separate graph, plot Ro = dVCE/dIE. Figs. 5 and 6 show example plots. Appendix 2 has the MATLAB code used to obtain the example with measured data removed from the arrays.
3.	Using measurements in Tables 1 and 2, calculate ,  and gm at VCE =6 V for the two base currents and put the results in Table 4.
4.	Compare the load current values between the current mirrors with and without ballast resistors. How did the load current change with temperature for each circuit?
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Fig. 6. Diode-connected transistor Ro vs. IE.
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Fig. 5. Diode-connected transistor VCE vs. IE, measured data with 4th – order polynomial curve fit.

Appendix 1: Data Tables
[bookmark: _Hlk15642834]Table 1. IC vs. VCE, IB = ___________
	
	Nominal VCE (V)

	Parameter
	2.0
	4.0
	6.0
	8.0
	10.0
	12.0
	14.0

	Measured VCE (V)
	
	
	
	
	
	
	

	Measured IC (mA)
	
	
	
	
	
	
	



Table 2. IC vs. VCE, IB = ___________
	[bookmark: _Hlk497060245]
	Nominal VCE (V)

	Parameter
	2.0
	4.0
	6.0
	8.0
	10.0
	12.0
	14.0

	Measured VCE (V)
	
	
	
	
	
	
	

	Measured IC (mA)
	
	
	
	
	
	
	



[bookmark: _Hlk15642862]Table 3. Diode-Connected Transistor Output Characteristics VCE vs. IE.
	
	Nominal IE (mA)

	Parameter
	0.25
	0.50
	0.75
	1.0
	1.25
	1.50
	1.75
	2.0

	Measured IE (mA)
	
	
	
	
	
	
	
	

	Measured VCE (V)
	
	
	
	
	
	
	
	



[bookmark: _Hlk15642981]Table 4. Calculated Transistor Parameters at VCE = 6 V.
	Nominal IB (A)
	
	
	gm 

	20
	
	
	

	40
	
	
	





Appendix 2: MATLAB Code for Diode-Connected Transistor Plots

% Diodeconn.m
% BJT diode connected transistor Vce vs. Ie data and curve fit.
% 
% Current values are in mA.
%
% The figure(2) graph shows how to specify italic and subscript text in labels.
%
IeMeas=[0 0 0 0 0 0 0 0]; %Measured Ie
VceMeas=[ 0 0 0 0 0 0 0 0];  %Measured Vce
Ie=polyfit(IeMeas,VceMeas,4);  % 4th-order polynomial fit

IeRange=[0.25:0.002:2];    % Ie range in mA
 
VceFit=polyval(Ie,IeRange);  % Make smooth curve over measured Ie range

% dIe is derivative of Ie polynomial found manually from Ie coefficients
dIe=[ 0 0 0 0 ];  % Derivative of Ie polynomial, 4 terms

% Ro is output resistance curve from 4th order polynomial fit
Ro=polyval(dIe,IeRange)*1000;  

figure(1)
plot(IeMeas,VceMeas,'*',IeRange,VceFit)
axis([0.25 2 0.5 0.7])
title('V_{CE} vs. I_{E}')
xlabel('I_{E}, mA')
ylabel('V_{CE}, V')
grid

figure(2)   % Use separate figure
plot(IeRange,Ro)
title('Output Resistance vs. Emitter Current')
xlabel('\itI\rm_{E}, mA')
ylabel('\itR\rm_{o}, \Omega')
grid
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