ECE 304: Bipolar Capacitances

The Bipolar Transistor: S&S pp. 485-497

Let’'s apply the diode capacitance results to the bipolar transistor. There are two junctions in the
bipolar transistor. The BC (base-collector) junction is reverse biased in the active mode, and so it
has only a junction capacitance contribution to the equivalent circuit, Cic. The EB (emitter-base)
junction, on the other hand, is forward biased in the active mode. Therefore, it will exhibit both a
junction capacitance Cjg and a transit time capacitance C. If we look at the simplified version of
the bipolar, we can see how to hook these capacitors into the circuit:

E B C

Ci

Ce

Putting this into the regular hybrid =1 model we show how to obtain S&S Fig. 5.67, p. 487. The
parasitic base resistance r, has been added. This resistor is small (about 10Q or less). However,

I C
B ° ic

AN Bl o

TdE
Va G+ Ce

in circuits where the source driving the transistor has very low resistance, r, is significant for
frequencies high enough that Cjg+Cgye short-circuits rge. Then ry is the only impedance in the base
lead of the circuit. Also, the presence of r, activates the Miller effect (discussed later) increasing
the role of Cjc in the frequency response.

There are some changes in notation needed to obtain the standard circuit. First, we re-
label a few items: Cjc - C,,, (Cg+ Cg) > C;, rqe — 1. Then we notice that the dependent current
source depends on only the part of the base current that flows through r¢e= r, (labeled here by
phasor amplitude I,). That is, to use this circuit we have to worry about the current divider made
up of (Cig+ C) — C, and rqe — r,.. This worry is a nuisance, so we prefer to use the voltage V;
instead. Because the current in rge = r; is simply I, = V,/ r,, the dependent source can be re-
expressed as Bl, = BV, /r, = gmV., where the transconductance g,, is defined by:

9m = [0 1c/ 0 veela = lca/VT = Blea V1 = P/

Making these changes, the circuit is as shown in Figure 1 below.
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FIGURE 1
Hybrid = model with internal capacitances C, and C,

Short-Circuit Current Gain:

Read S&S pp. 487-488. We will look at the circuit of Figure 1 with a resistive load in parallel with
ro and an ac current source as signal. There are two limiting cases with very different frequency
response: the case when the load R, =0Q (current amplifier) and the case when R =00

Q (transresistance amplifier).

Cut-Off Frequency of the Current Amplifier (R_.=0Q):

If we hook up our circuit with a short-circuit from the collector to the emitter and neglect r,, we can
find the current gain of the circuit A ; = (ac collector current)/(ac input current) (S&S hy,, following
Eq. 5.158).

EQ.1

Bao| 1-joo 2
. —Jo——
I 9m —JjoC, a Im

Aj=E=hge = =
I 1+ jo(Cr +Cp)ry

1 .

; +jo(Cr +Cy)
The cut-off frequency f; of the bipolar transistor is defined as the frequency where this current
gain drops to unity: that is it is the frequency where there is no gain. The time constant C,/gn, is
very short, so the numerator is well approximated by 1. Setting |A j| = 1, we can solve for the
value of fr. Taking Bsc >> 1 and C,/C; << 1 (valid if I¢ is large, but not at low values of Ic) we find
to lowest order in C,/C, (S&S Eq. 5.163):

EQ. 2
1/2
fr = gc —1) s Im )
2nt, [CalCr+2C, | 27(C +C,)

Now let’s put in the current dependence of all the parameters to see how fr depends on the
current level. We have g, = lco/VT, 1/r; = Iga/VT,
EQ. 3

C.= CjE +lete VT

(where we have introduced the forward transit time 1 to replace the transit time t7 of the pn
diode). Approximating I¢ >> Ig we find:
EQ. 4

1 (Cig +Cpu)Vr (CjE+CH)
=1TF + =1 +
2nfr Ica 9m

That is, if we plot 1/(2nfr) vs. 1/lcq we should get a straight line with intercept tr. Actually we get a
plot like Figure 2 below.
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FIGURE 2
Sketch of EQ. 4 for 1/(2xfr) (dashed line) and more realistic behavior (solid line)

In Figure 2, the dashed line is our EQ. 4, the one we will use in hand analysis. The solid line is
closer to what is actually observed (and approximated by PSPICE). The departure from our
analysis at low 1/I; (large Ic) is due to the widening of the electrical base width at large current
densities, a subject discussed in ECE 352."

The point is this: as the collector current varies, the frequency response varies.
If the current is low enough (1/I¢ is big enough) the variation is almost a straight line. But at large
currents (small 1/Ic) the frequency response begins to get worse (fr drops, 1/fr goes up).

PSpice Comparison with Formula

If we set the parasitic resistances of the collector r, and of the base r. to zero, we can easily
obtain the PSPICE results for C, as a function of DC collector current to compare with EQ. 3. For
the Q2N2222 the results are shown in Figure 3.

1.E-08 ‘ ‘
= PSpice Q2N2222
_1.E00 O EQ.3
. <
©1.E-10 {——3.07E-11 Mec
«xr--oo«r-oo«r
1.E-11 | ‘ ‘ ‘
1E-07 1E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00
DC Collector Current (A)

FIGURE 3
C. vs. lcq for Q2N2222 with 1r=0.411ns and rp and re~0

The results in Figure 3 are obtained by a small-signal AC analysis using the circuit of Figure 4

' Ask your 352 instructor about this phenomenon
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Circuit for finding C,,
In the circuit of Figure 4 an AC base current is driven into the Q2N2222. The resulting AC base
voltage is fed to the collector by VCVS part E, so both base and collector move together, placing
zero AC voltage across C, so it draws no AC current and does not affect the input impedance of
the transistor. The AC base current is given by
EQ. 5
b=V, (1/r, +jo C,) — C, = Im(lp/V,)/(2rf)

We sweep the DC collector current by sweeping the DC base current. Then C, vs. Ig and Ic vs Ig
are pasted into EXCEL and Figure 3 is constructed.

1.E-08 — 2
+ PSpice Q2N2907A o
OEQ3 &
— 1.E-09 &
L R
S &
1.E-10 —2.89117E-11 pr o
1.E-11 i i ‘ ‘ ‘

1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00
DC Collector Current (A)

FIGURE 5
C, vs. lcq for the Q2N2907A with tr =0.604ns and rp, and r~0

The formula for C; (Eq. (2)) for Icq~ leq is Cr = Cg +lcq tr /V1. For the Q2N2222 under
forward bias at low current levels where Cqe is negligible, PSpice calculates Cpe = Cje = 30.7pF. In
Figure 3 we plot C,= Cjg + lcq ¢/ V. = 30.7pF+ lcq 16/ V7, with 1.=0.411ns.taken from the
» model statement in PSPICE. (Please note: PSPICE allows us to put currents of 10-100A through
the Q2N2222, but in reality it would burn up at these current levels). The comparable plot for the
Q2N2907A is shown in Figure 5.

Notice that the junction depletion capacitance is dominant at low current levels, and the
diffusion capacitance leads to a linear increase of C, for higher current levels. This current level
dependence of C, causes a current level dependence of the cut-off frequency, fr as shown in
Figure 6 and Figure 7.
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1/(2nfr) vs. 1/lcq for the Q2N2222 with tr=0.411ns
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1/(2nfr) vs. 1/lcq for the Q2N2907A with tr= 0.604ns

Figure 6 and Figure 7 compare PSpice values for 1/(2nfr) vs. 1/lcq. For lcq < 0.1A (most of the
useful current range) the fit in Figure 6 is fairly good with t=0.411ns. Figure 6 is the equivalent of
Figure 2, but on a log-log scale chosen to expand the region of large Icq (small 1/lcq). The plot of

1/27fr for the Q2N2907A is shown in Figure 7.

Comparison of Current Amplifier Current Gain with PSpice

If Bac were independent of current level, the gain would be independent of current level. However,
Figure 9 shows how the current gain varies with current level according to PSpice when the
Q2N2222.bipolar transistor is used in the circuit. (The physical origin of the current dependence
of B is discussed in ECE 352). The B-variation with Igq also means that the dc value of 3, given by
Boc = lcallga, is different from the ac value of B, given by Bac = dlco/dlsa = Boc + (dPoc/dleq)lsq For
the Q2N2222 the two are compared in Figure 9. Figure 10 shows .. as determined in PSPICE
using a small-signal analysis instead of differentiating DC-curves. The two determinations agree,

as we expect.
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Circuit for determination of AC and DC B-values with fixed V¢g; the VCVS maintains Vg =
Vour

300
(Bac,51.80uA,229.94)
(Bac,1.000u,169.03)
200+
(Bdc,112.45uA,224.30)
1004

(Bdc,1.000uh,147.40)
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o -I(0OUT)/ IB
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IB
FIGURE 9

1.0pA
o D(-I(OUT))

Comparison of ac and dc p-values for the Q2N2222 using the circuit of Figure 8 to hold
Vee = 20V; Bac = Poc at the current level where Bpc has a maximum (zero slope); AC value
is found as derivative of the DC plot of Ic vs. I and DC value is the ratio of DC Ic / DC I
The small-signal current gain of the amplifier in Figure 8 at low frequencies is simply
Bac(Vcs=20V), and is shown in Figure 10. It varies with current as already discussed.

300A
(51.6260u,229.9372)

200A4 (1.00000u,169.0259

100A
0A
1.0p 100p 10n 1.0u 100u 10m

o —-I(0UT)
FIGURE 10

IB

Small-signal current gain of amplifier o f Figure 8; this small-signal Bac agrees with the
found by differentiation in Figure 9
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FIGURE 11
Current amplifier; output current is current in supply labeled OuT
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FIGURE 12

Current gain in dB for Figure 11 from PSpice for Izgq=54uA (Icq =11.8mA, Bac = 228). Also

shown are the asymptote at high frequencies given by A=318MHz/f, and the curves for

lsa=1pA and 10pA.
Now let’s look at the frequency dependence of the current gain of the current amplifier. Figure 12
shows the PSpice current gain in dB for Izgq =52pA, the value of current that maximizes the gain.
According to our formula, the corner frequency occurs when w=wc where oc(C; + C,) r,= 1. From
Eq.(2) C, = Cietlete/Vr =23.91pF+ 11.8mA x 0.411ns/.026V = 210pF (compared to 220pF from
PSpice). Also C,= Cy,. =2.38pF from PSpice. Using the PSpice values for C; and r; (=515Q), we
estimate the corner frequency as fc = 1/[2n(222pF x 515)] =1.4MHz, and the asymptote at high
frequencies as gnr/(fffc) = Bacfc/f = 319MHz/f. These values show that the formula agrees well
with PSpice provided we use the PSpice values for all the circuit parameters.

The current gain in dB is plotted in Figure 12 for several other values of Q-point Igg.
Notice that both the low frequency (maximum) gain and the corner frequency increase as lgq is
increased. The larger gain is related to the increase in .. with larger current level as shown in
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Figure 10. The corner frequency can be related to the unity gain frequency fr. The corner
frequency satisfies fc = 1/[2n(C,+C,)rz] = fr/( 9mr=) = fr/Bac, Wwhere EQ. 2 has been used. That is,
from EQ. 4,

% =Bac | T +w , which shows that for larger current levels, 1/f; is reduced, or f¢
Tic cQ

increases, in agreement with Figure 11.

Summary:

The frequency response of the current amplifier is limited by the transit time capacitance of the
transistor BE junction at large current levels, and by the junction capacitors at low current levels.

Miller Effect: The Frequency Response of the Transresistance Amplifier (R =00 Q)
Read S&S, p. 107-112, p. 496 and pp. 588-597.

Let’s look at the effect of C,, on the frequency behavior of the bipolar transistor. The worst-case
influence is found if we open-circuit the simple amplifier of Fig. 8 (make R =x ). We will take the
output as the voltage at the collector, and the input as the input current, so the gain A, of the
amplifier satisfies V, = A; ls. In other words, the gain has dimensions of Ohms, so this amplifier is
called a transresistance amplifier.

The circuit is shown here.

fo

ImVx +

Notice that the capacitor C, has a different time-varying voltage on each side. In the current
amplifier with the output shorted, this does not happen because one side of C,, is at ground in that
case. That is, the voltages on the two sides of C, are different, but on the grounded side the
voltage is not time varying. We will see that in our circuit where C, has a different time-varying
voltage on each side, the frequency dependence of the open-circuited can be much degraded.

The current through C,, is shown as joC,(V.—V,) and this current couples the input side of the
circuit seen by the signal 5 to the output side of the circuit, complicating the analysis of the circuit.
Miller suggested the following trick to decouple the input and output. He suggested that we
rewrite the coupling current as:

JoCu(Vi—Vo) = joC, VA (1-Vo/V,) = j0oCuV,
Now it looks like we have a new capacitance (the Miller capacitance) with a voltage V, across it.

(The catch is that we don’t know V,/V, so we don’t really know what Cy is ...but we will fix this
later). Then the circuit can be re-arranged as shown below.
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The new dependent VCCS source on the output side of the circuit provides the same current as
the original connection to the input through C,. On the input side of the circuit, KCL at the base
node provides the same equation as the original circuit, and it is easy to see that the input
impedance of this circuit is

Zu=r. [ 1jo(C++ Cw) ]

Vn = Is Zin-

Also,

Miller's Theorem states that we can decouple the input circuit from the output circuit in a case like
this by introducing the Miller capacitance Cy,, as we have just done, that is, by using

Cu= C(1-Vo/Vy).

Is Cy really a capacitor? If we think of a capacitor as a simple circuit element that has no
frequency dependence, Cy is a capacitor only as long as V./V, has no frequency dependence.
What we need to do now is check the frequency dependence of V./V,. To do this, we look at the
output side of the circuit below.

oy \
JO)Cu(Vn_VO) o

ImVx +

We find V, by finding the current through the resistor ro, which is joC,(V.—V,) — 9mV:. Hence,
Vo = [j0C(V—Vo) — mV] ro.
Re-arranging we find,

Vo (j(x)C“ _gm)'rO

Vi 1+ joCyuro
If we substitute this result in the expression for Cy, we find

EQ. 6
1+9mro
Cm=C,|—2mo_|
M H[1+jo)CHroJ
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Clearly, Cw is frequency dependent, and is not a true capacitor. However, if oC,ro << 1, the
denominator will not depend on frequency. The condition wC,ro << 1 is enough to insure that in
the expression for Cy, we can use the midband value of V/V, = —gnlo.

Cw = C,gmlo
The use of the midband value of V,/V, to evaluate Cy, is called the Miller approximation.

Let’'s evaluate gnro =(Ic/V1)(Vallc) = Va/V1, where V, is the Early voltage and Vr is the thermal
voltage. For the Q2N2222, V, = 74V according to PSpice. Then gnro=3,591 and Cy = 3,591 C,!
For the Q2N2222 with Ve =20V, PSpice shows C,, = CBC = 2.38pF, so Cy = 8.5nF, which is a
huge capacitance. Going back to V, = |5 Z;,, we can find the effect of Cy on the gain of the circuit.

Ar = Gain = Vo/ls = (Vo/Vn)(Vn/IS) = —0Omlo Zin = -Omlo {rn/[1 +j(’)(Cn+CM)rn]}-
That is, the gain begins to roll off for a corner frequency wc given by  oc(C,+Cy)r, = 1.

PSpPiceE Comparison

For the case of a Q2N2222 with V=20V and Izgq=10uA, PSPICE calculates the corner frequency
at 6.5kHz. To compare a hand calculation to PSPICE, we use C, from the
ANALYSIS/EXAMINEOUTPUT file as CBE = 67.2pF. This result is more accurate than C, =
Cietlete/VT = 23.91pF + 1.94mA 1 /26mV because it includes non-ideal behavior that this formula
omits. Likewise, taking ro from the output file is more accurate than using ro = Vae/lcq. Then Cy =
C.9mro = 2.38pF x 74.5mA/V x 48.2kQ2 = 8.55nF. Taking r, from the ANALYSIS/ EXAMINEOUTPUT file
as RPI1=2.85kQ, 2xrf. = 1/[(C,+Cy)r. ] = 1/[(67.2pF+ 8.55nF) 2.85kQ)] ; f. = 6.5kHz.

In this example the Miller capacitance Cy = 8.55nF is the major contribution to f.. If Icq is
increased above Icq~0.5A, the contribution of the Miller capacitance becomes secondary to the
diffusion capacitance term in C,. To clarify the current dependency, we substitute into (C,+Cy)r,.
our simple formulas for the dependence of C,, ro, and r, on the current, to obtain

oc [ (CigV+C, Va)/lga+Bactr] = 1.

That is, the smaller lgq is selected in our circuit design, the lower the corner frequency.
Also, at the corner frequency oc(C,+Cy)r, = 1, the magnitude of the gain is |A;| = gmror/|(1+j)] =
(VA/V7)(V1llga)N2 = Va/(N2lgg). That is, the gain varies inversely with lsq, and directly as the Early
voltage. PSPICE results are shown in Figure 14 using the circuit of Figure 13. Figure 13 uses a
very large inductor that prevents the V¢ voltage source from short-circuiting the ac collector
voltage to ground, while allowing the dc collector bias to be applied.
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FIGURE 13
PSpice circuit for plotting frequency response of transconductance amplifier
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FIGURE 14

Bode plots of transconductance gain in dB at various lgq

GAIN-BANDWIDTH TRADE-OFF: S&S, P.93, PpP. 558-559

. For an ampilifier with a roll-off frequency determined by the Miller effect there is a gain-
bandwidth tradeoff. That is, to get higher gain, one must reduce bandwidth and vice versa. In
fact, the product of the maximum gain and the bandwidth (corner frequency) is a constant. For
this particular amplifier, the gain-bandwidth product (Eq. (6.3) p. 558) is given by our formulas
as 1/[2nC,]=6.69 x 10'° V/(A s). PSpice results are tabulated below.

Base Current Gain at Corner (V/A) | Bandwidth (Corner f) | Max. Gain x Bandwidth Product V/(A- s)
100nA 7.91E08 59.21Hz 4.68E10 x V2 =6.62E10
10uA 7.24E06 6.472kHz 4.69E10 x V2 =6.63E10
1TmA 5.15E04 901.7kHz 4.65E10 x V2 =6.57E10
Summary:

When a capacitor has a different time-varying voltage on either side of it, the Miller Theorem often
is useful in simplifying the circuit. Provided the ratio of the voltages on the two sides of the
capacitor is not frequency dependent near the corner frequency, the Miller capacitance can be
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estimated using the Miller approximation and then used to find the corner frequency of the
amplifier. Depending on the gain, the Miller capacitance can be very large, and can be the main
factor causing the roll-off of the gain. This roll-off frequency will depend on the current level
selected for the circuit. The gain also depends on the current level and, when the corner
frequency is dictated by the Miller effect, a gain-bandwidth tradeoff exists.
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Appendix 1: PSPICE output file

NAME Q Q3

MODEL | Q2N2222
IB| 5.16E-05
IC| 1.13E-02

VBE| 7.04E-01

VBC| -1.93E+01

VCE| 2.00E+01
BETADC| 2.19E+02

GM| 4.23E-01

RPI]  5.39E+02
RX| 1.00E+01
RO| 8.27E+03

CBE| 2.12E-10
CBC| 2.38E-12
CJS| 0.00E+00

BETAAC| 2.28E+02

CBX/CBX2| 0.00E+00

[ FT/FT2[ 3.14E+08

FIGURE 15
PSPICE output file for the Q2N2222 showing notation for capacitances. C,; = Cgg,

CH = CBC
The bipolar capacitances in PSPICE are named CBE = Cr and CBC = Cp..; Ry = series resistance
between base contact and r;; capacitances CJS, CBX/CBX2. will not be used in this course.

Appendix 2: Using PSPICE to obtain f; vs. Ig
This appendix is just an FYI, so glance at it but don’t worry about it too much.

20.70 PARAMETERS:
..... : I_E = 10mA
45.47u L1 207.0n Ra L_M = 100MegH
% {L_M} {L_M} 2 R = 1ootes
. - V_CB =20
10.00mA -
= VvDC
T {v_CB} §o.954mA H20.70 20.70
EIETS — gg‘r:’;‘zzz f—
45.47uA NN i
@) IAC -10.00n V- 10.00m A\ (LT N
1A ]
1 e IEQ -10.00nVIRNOV]
1 T+ 1000_F O {I_E}
-0

-0
FIGURE 16
Circuit to find AC current gain for a set value of DC emitter current Ig

Although we would prefer to find fr as a function of DC collector current, the circuit is simpler to
set up for a sweep of |z. Later a DC simulation can find Ic vs. I to convert to a plot vs. Ic.
However, a plot of fr (the unity gain frequency) vs. Ig is indistinguishable from a plot vs. Ic on a
log-log scale.

Unpublished work ©2004 John R Brews Page 13 3/1/2005



DISCUSSION OF CIRCUIT

The circuit in Figure 16 contains large inductors to allow DC currents to bias the transistor while
at the same time blocking AC current. Thus, the AC collector current is forced to flow through the
voltage source in the VCVS labeled Q2N2222.2 The current probe on this VCVS picks up this AC
collector current. The purpose of the VCVS is to control Vg at the same value regardless of the
applied DC bias current Ie. In this way, as Ig is swept only Vge changes, and Vg is held constant.

Constant Vcg means that C,, does not change when Ie is swept. It also means that the transistor is
held in the active mode, regardless of the value of Ig.

CIRCUIT FOR THE Q2N2907A
PARAMETERS
e Lo e L
_M= €g =0
+1000_F | E
R_M = 100Meg T - {18 J10.00n 0V
V_CB =20 10.00n ViR 0.00mA) I ISl
-37.77uAJd - IE @%
—781.m nl‘ QPNP §+{R " |
N Q2N2907A - GAIN =1
. . N-20.78 §-20.78V
@ | AC _____V_DC -9.962m
1A -| {v_CB} R 4
37.77uAl 207.8n Al I .
— . 1u
o % Lm g Lm [10.00mA
o (o)
[20.78
FIGURE 17

Circuit for the Q2N2907A
The circuit for the PNP transistor is a mirror image of that for the NPN, as shown in Figure 17

RESULTS

(20.00m, 338.95M) _

100M+ (100u, 15.90M)

(20.00m,243.12M)

1.0M+~ (100u,16.91M)

T T T
1.0u 10u 100u 1.0m 10m
XatNthY (I(Q2N2222),1,1) o XatNthY(I(Q2N2907A),1,1)

I E

FIGURE 18

Comparison of Q2N2222 (top curve) and Q2N2907A unity gain frequencies vs. DC emitter
currentlgataVeg =20V

% This label for the name of the VCVS is used so the PROBE plot will label the current I(Q2N2222);

likewise the VCVS for the Q2N2907A is labeled Q2N2907A. That way both plots are easily
identified when made on the same graph.
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FIGURE 19

o XatNthY (I
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1.0m
(Q2N2907A) ,1,1)

I_E

10

Comparison of Q2N2222 (top curve) and Q2N2907A unity gain frequencies vs. DC emitter

currentleataVeg = 0.1V
| have no idea why the fr-plot at low values of Vg for the Q2N2222 shows such a dramatic drop
at high current levels, while the Q2N2907A does not. Of course, the Q2N2222 is unlikely to be
used at a current of I = 1 A, so it is improbable that the PSPICE model for the Q2N2222 has ever
been compared with real data at these current levels. So the drop is to be taken with some

skepticism.

CHECK ON THE CIRCUIT

As a spot check to see the circuit does what we expect, we compare a value of f; from the circuit
against the PROBE output value.

NAME Q_QPNP Q_QNPN
MODEL Q2N2907A | Q2N2222
IB -3.78E-05 4.55E-05
IC -9.96E-03 9.95E-03
VBE -0.782 0.7
VBC 20 -20
VCE -20.8 20.7
BETADC 264 219
GM 0.382 0.375
RPI 692 613
RX 10 10
RO 1.36E+04 9.45E+03
CBE 2.65E-10 1.92E-10
CBC 2.47E-12 2.35E-12
CJS 0.00E+00 0.00E+00
BETAAC 264 230
CBX/CBX2 0.00E+00 0.00E+00
FT/FT2 2.28E+08 3.07E+08

FIGURE 20

PROBE output file for Ie = 10 mA, Vcg = 20V (NPN) Vgc = 20V (PNP); unity gain

frequencies are labeled FT/FT2 at bottom

Figure 20 shows the PROBE OUTPUT FILE values for fr as FT/FT2 = 2.28 x108, and 3.07 x 10%. For

comparison, the current gain obtained using Figure 16 and Figure 17 is shown in Figure 21. Agreement is

excellent.
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1.0KA

(Q2N2222,305.55M,1.000)
1.0A4
(Q2N2907A,226.97M,1.000)
100uA t t t t t
1.0Hz 100Hz 10KHz 1.0MHz 100MHz 10GHz 1.0THz
-I(Q2N2222) v -I(Q2N2907A)
Frequency
FIGURE 21

Unity current gain frequency for the Q2N2222 and Q2N2907A using the test circuits of
Figure 16 and Figure 17

Reference

See the on-line PSpICE Reference Guide C:\Program Files\OrcadLite\Document\rel92pdf.pdf
pp. 203 — 213.
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