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Effect of collector bias current on the linearity of common-emitter BJT amplifiers*
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Abstract:

Using a Volterra series, an explicit formula is derived for the connection between input 3rd-order intercept

point and collector bias current (/cq) in a common-emitter bipolar junction transistor amplifier. The analysis indicates
that the larger /cq is, the more linear the amplifier is. Furthermore, this has been verified by experiment. This study
also integrates a method called dynamic bias current for expanding the dynamic range of an LNA (low noise amplifier)
as an application of the analysis result obtained above. IMR3 (3rd-order intermodulation rate) is applied to evaluate the
LNA’s performance with and without adopting this method in this study.
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1. Introduction

More and more bandwidth efficient modulation techniques
have been employed in recent years, such as QAMI16 and
QAMO64. Hence, there has been an extensive requirement for
more linear amplifiers in the transmitters as well as the re-
ceiversl! 3], This paper focuses on the linearity of the re-
ceivers, especially the LNA, since it has a considerable influ-
ence on the performance of the bit error rate!4.

Generally, Volterra series are effective in analyzing the
nonlinearity of amplifiersl>~7). Besides providing insights into
the nonlinear mechanism, Volterra series can handle memory
elements with greater speed than the Harmonic Balance ap-
proach. In this study, a Volterra series is applied to calculate
the nonlinearity of the low noise amplifier (LNA), which is a
weakly nonlinear common-emitter (CE) BJT amplifier oper-
ating in class-A mode. And the Volterra series is truncated to
3rd-order to keep the analysis tractable.

In addition to other influencing factors on the nonlinearity
of the CE BJT (bipolar junction transistor) amplifier, the effect
of the collector bias current (Icq) has been paid great atten-
tion. Furthermore, the input 3rd-order intercept point (ITP3) is
used to estimate the nonlinearity of the amplifier and it is cal-
culated in two steps: the nonlinear transfer function is derived
via a Volterra series; IIP3 is calculated through the nonlinear
transfer function. With the expression of IIP3, the effect of I¢q
on I1P3 can be specified explicitly, and it has been verified by
experiment.

In this study, based on the effect of the /cq on nonlinear-
ity, a method called dynamic bias current is proposed to im-
prove the linearity of the CE BJT amplifier. Experimental re-
sults show that the IMR3 of the LNA is reduced by more than
35 dB with this method when the input power is —35 dBm.

2. Volterra model of the CE BJT amplifier

A simplified schematic of a typical CE BJT is shown in
Fig. 1(a), and its equivalent nonlinear circuit for a Volterra se-
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ries calculation is shown in Fig. 1(b). The base—emitter resis-
tance (Ry,) is considered to be the main source of nonlinear-
ity, while the remaining elements, such as Cgg, S are taken to
be linear components. It has been proved that the nonlinearity
of Ry, dominates the 3rd-order intermodulation!®!. Therefore,
the assumption for the nonlinear components in the schematic
(Fig. 1(b)) is reasonable.

The nonlinear element R/, depends on both the quiescent
bias current I/cq and the RF signal. Therefore, the value of
Ry is determined under large-signal conditions. Based on the
BJT’s EM model, the transient current /;, can be expressed as

Is Ve
Iy = —exp ,
Br Vr

where V7 is the thermal voltage (V1 = kT/q ) and Is is the
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Fig. 1. (a) Typical CE BJT amplifier schematic and (b) its equivalent
nonlinear circuit for a Volterra series calculation.
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Fig. 2. Linearized circuit for the CE BJT amplifier.

reverse saturation current.

The transient current [y, consists of two parts, DC and AC.
Furthermore, the exponential function can be expressed with a
Taylor series. Then I,,’s expression can be obtained as

I — Is exp Ve +uye s exp Ve'E exp Vy'e
b= — _— = — = —
IBF VT ,BF V’]‘ VT

Is Ve'e ve 1 (v 1 (v
= — _— ] —_ —_ PN
IBFexp Vr * Vr + 2\ Vr + 6\ +

Icq | Icq [vve | Voo | Vite
=243 o e ),
Be  Br \ V& 22 6VP

2

where Icq is the static bias current on the collector [Icq =
Isexp (Vgre/ V1))

It should be noted that the AC part of I, named iy, is de-
rived as

. Icq Ve | Voo | Ve
iy = = x| 25+ 24 + -] 3
* T B < Vi 22 613 @

A linearized circuit for the CE BJT combined with a non-
linear current source is shown in Fig. 2. Using a Volterra series
approach, the nonlinear transfer functions (H1 (s1), H2(s1, 52),
H3(s1,52,53)) can be derived. A detailed process of derivation
of the nonlinear transfer function is given in the Appendix.

Instead of solving the whole kernel, the repose of interest
frequency can be calculated by substituting the variables s,
5o and s3 for the desired signal frequencies. In this paper, a
lower 3rd-order intermodulation signal (IM3) which is at the
frequency 2w; — w, is computed with s; = s, = jw; and
§3 = —ja)z.

3. ITP3 analysis

IIP3, a common parameter for measuring the nonlinearity
of an amplifier, has a close relationship with the intermodula-
tion product: the larger the IIP3 is, the more linear the amplifier
is. According to the definition of IIP3, the value of IIP3 is de-
rived as

11P3 (dB) = Pry (dBm) + 5 Pours (dBm) — 3 Pours (dBm).
4)
where Py is the input power of the amplifier, and Poyr; and
Poyrs represent the power level of output base-band signal and
3rd-order intermodulation, respectively.
IIP3 can also be expressed in numerical (not in dB) form,

Table 1. Extracted parameters of 2SC5010.
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Fig. 3. Calculation curve of IIP3 versus Icq.

P v2 /27 v
1IP3 = PIN ouTt = Ub’eibl —;1/ ouT = Ub/eiblﬂ,
Pouts vi3/2Zout VL3
(5)
where vy | and v 3 are the output voltage at frequency of w; and
2w1 — wy. ip1, V1 and vz can be calculated from nonlinear

transfer functions (Appendix). Then IIP3’s expression could be
transformed to

ICQ
BeTpy VT2

A

x [1 + 2VT2( -
/ C .
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IIP3 =
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Vr+ —bbﬁ @ 4 j(wi — w2)Cyerioy Vi
F

-1, —1
1
X (VT + rbb—CQ —ijbeerbbf VT) .
Br
(6)

Equation (6) gives the relationship between IIP3 and Icq.
The other parameters in Eq. (6), such as r, and Bg, can be
extracted from measuring an actual BJT. In this work, these
parameters were extracted from 2SC5010 and the results are
shown in Table 1.

By calculating Eq. (6), the curve of IIP3 versus I¢q is de-
rived (Fig. 3).

4. Experiment verification

To validate the conclusion drawn above, a two-tone test
was employed for measuring the IIP3 of a commercial BJT
(2SC5010) at 860 MHz. The experimental network is shown
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Fig. 5. Measurement curve of IIP3 versus Icq.

in Fig. 4, which consists of a DC current source to provide
the adjustable quiescent bias current. The two-tone signals pro-
vided by two RF signal sources (HP8657A) were combined by
two isolators and one combiner. A spectrum analyzer (Agilent
9320A) was employed to measure the power level of the output
base-band signal and the intermodulation product.

During the experiment, every time the bias current was
changed, the input and output matching network was adjusted
with a vector network analyzer (Agilent N5070B) to ensure
that the whole network was well matched.

Figure 5 shows the measurement result of IIP3, which has
the same variation trend with the calculation result in Section
3.

The IIP3 calculated (Fig. 3) is a little higher than the IIP3
measured (Fig. 5). This difference may be explained as fol-
lows. In calculation, just the main nonlinear element (R,/,) is
taken into account, while other weakly nonlinear components
are considered to be linear. As a result, the circuits calculated
seem to be more linear than the real one.

5. Application

In this section, a method called dynamic bias current
(DBC), which is based on the connection between IIP3 and

Icq, is introduced to improve the linearity of LNA. The idea
of DBC is to adjust the bias current (/cq) of LNA dynamically
according to the strength of the receiving signals. In detail, the
Icq increases when receiving strong RF signals. As a larger Icq
leads to a higher IIP3, the power level of the intermodulation
product will decrease. On the other hand, when the received
RF signals are weak, the /cq will decrease to a normal value,
ensuring the low noise performance of the LNA.

This method has already been applied in a wireless handset
where the value of /¢ was designed into two levels (2 mA and
10 mA). Figure 6 shows the LNA’s circuit, which consists of
two parts: a tunable current mirror (CM) and a low noise BJT
amplifier.

As the provider of the collector bias current of the LNA, the
CM’s output current (/oyr) is controlled by the signal Virgy,
a digital signal coming from the MCU (micro controller unit).
When Verrpis low, Ioyr = 2 mA; and Ioyr = 10 mA when
VCTRL is hlgh

The measured power level of output base-band signal and
intermodulation under different bias currents are presented in
Fig. 7. IMR3 which means the rate between intermodulation
and base-band is easily figured out. Apparently, the IMR3 un-
der Icqg = 10 mA is reduced by more than 35 dB compared
to that under /cq = 2 mA when the input power is —35 dBm.
Therefore, the receiver with DBC has a much better perfor-
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Fig. 7. Comparison of power level of output base-band signal and in-
termodulation product under different bias currents. BB means base-
band signal, while IM3 means 3rd-order intermodulation.

mance (lower intermodulation distortion) when dealing with
strong signals.

6. Conclusion

The effect of Icq on IIP3 of a CE BJT amplifier is pre-
sented. With a Volterra series approach, the analysis is carried
out on the basis of a simplified large-signal model of a BJT. It
is shown that the larger the I is, the higher the IIP3 is, which
also means the more linear the amplifier is. Experiment and
analysis results agree with each other very well.

Based on this analysis, a method called dynamic bias cur-
rent is proposed for expanding the dynamic range of a wire-
less receiver. The comparison between IMR3 with and without
adopting this method has validated this approach.

Appendix A: Calculation of the nonlinear trans-
fer function

According to the circuit shown in Fig. 2, it is easy to obtain
the equations set below,

. Uy
Ve + Fob/ (le + sCpEVye + —— ) =0,
Rb/el

goin 2071 (AD
L = Brip————.
. e Zo+ Zy,
vy and vy, can be expressed as:
Vye = F1(s1)vin(s1) + F2(51.52)Vin(51) Vin(52)
+ F3(51, 52, 83)0in (1) Vin(52) Vin (53), (A2)
and
v = Hy(s1)vin(s1) + H2(51, 52) Vin(51)vin(s2)
+ H3(s1,52,53)Vin(51)Vin(52) Vin(53), (A3)

where the Fy(s1), F»(s1,s2) and F3(s1, 52, 53) are the terms for
the transfer function for vy, and H;(s1),and H3(sq, 52, 53) are
the terms for the transfer function for vy .

Substituting Egs. (17) and (18) into Eq. (16), the nonlinear
transfer functions can be obtained as

V;
Fi(s) = g L (A9
—bb + sVTCBErbb/ + VT
Br
F Icrbb’
2(51,82) = — s Fi(s1) Fi(s2) Fi(s1 +52),  (AS)
2B Vi
F3(s1,52,53) =
_Meryy [6F1(s1)Fa(s2.53) | Fi(s1) Fi(s2) Fi(s3)
Br VE Ve
x Fi(s1 + 52 + 53),
(A6)
vLi(s)  Ic ZoZp
Hi(s) = = — Fi(s
1(5) Vin(s) Vi Zo+ Zy, 1(5)
1 Zo”Z
= S - ° ; . (A7)
C'bb + sVrCreryy + Vo 7° + oL
Br
VL2
Hy(s1,8) = —————
251 52) = e on2)
Ic ZoZ: Icryy ]
= —— F/(51)F(s 1— Fi(s1 + s ,
V2 Zo+ 21 1(s1) 1(2)|: Vi 1(s1 + 52)
(AB)
VL3
H 9 , ==
3(51,52,53) Vin(51) Vin (52) Vin (53)
_ ZoZilcryy | 6F1(s1) Fa(s2,53)  Fi(s1) Fi(s2) F1(s3)
Zo+ Z1 V2 V3
Icryy
X [1 — ;T/gl:: Fl(Sl + 55 +S3)] .
(A9)

With the transfer functions, we could derive some useful
parameters for calculating IIP3.

ibl = I—va/el = IC Vi (S)
I , m k)
ﬂF VT ﬂF ( Cﬂrbb + SVTCBErbb/ + VT
F
(A10)
b (s) = e LoLL )
L - in 5
I ,
%bb + sVrCeryy + Vr Zot+ Zu
F
(A1)
v :ZOZLICrbb/
L=z
» 6F(s1)F2(s2,53)  Fi(s1)F1(s2) Fi(s3)
Vi Vi

Icryy

X [1 8 (51452 + 53):| Vin(51) Vin(52) Vin(s53).
Vi Br

(A12)
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