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Analysis of Nonlinear Behavior of Power HBTs
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Abstract—T0 accurately understand the linear characteristics
of a heterojunction bipolar transistor (HBT), we developed an an-
alytical nonlinear HBT model using Volterra-series analysis. The
model considers four nonlinear componentsr, Caisr, Cdep1, and
g It shows that nonlinearities of . and Cq;g¢ are almost com-
pletely canceled byy,,, nonlinearity at all frequencies. The residual
g Nonlinearity is highly degenerated by input circuitimpedances.
Therefore, rx, Cai, Cdep1, and g,, nonlinearities generate less
harmonics than C,. nonlinearity. If C,. is linearized, g, is the
main nonlinear source of HBT, andCqep1 becomes very important
at a high frequency. The degeneration resistoR g is more effective  Fig. 1. HBT equivalent circuit with dotted capacitances for a high-frequency
than Rp for reducing g,, nonlinearity. This analysis also shows oOperation.
the dependency of the third-order intermodulation (IM3) on the
terminations of the source second harmonic impedances. The IM3 many researchers to study the intermodulation (IM) mechanism

of HBT is significantly reduced by setting the second harmonic im- of HBT. The good linearity of HBT was attributed to the partial
pedances os, zu, = 0and Zs,w,—w, = 0. cancellation between the IM currents generated from the expo-
~ Index Terms—Heterojunction bipolar transistors, intermodula-  nential junction current and the junction capacitance [5], or the
tion distortion, nonlinearity. partial cancellation of IM currents from the total base-emitter
current and the total base—collector current [8]. According to
|. INTRODUCTION reference [10], it resulted from the almost complete cancella-
tion between the output nonlinear currents generated by the
%Emitter—base and base—collector current sources. It was also re-
e . . ; . sorted that the emitter and base resistances linearize HBT output
plifiers [1]-{4]. Heterojunction bipolar transistors (HBTSs) ar 9]. Differing descriptions for the linear characteristics make it

widely used for the a”?p"f'ers and the_|r nonlinear behavior h cessary for a more complete explanation. To more accurately
been extensively studied [4]-[12]. It is commonly known th%‘%

HE transmitters of the handsets of digital mobile comm
nication systems require highly efficient linear power a

. . . ) . auge the characteristics of an HBT, an analytical nonlinear
Ci. Is the dominant nonlinear source and should be linearizeglgyr o el using Volterra-series analysis, was developed [14]
reduce intermodulation distortions [7], [9}-[18},. is a deple- 15]. Based on the model, the fundamental nonlinear behavior of

tIOI’.l capaC|tangg and lsa rather moderate ”°”"f?eaf COMPONaRtiBT s simulated and its physical characteristics are clearly
which is surprising since HBT has highly nonlinear SOUrCe§uscribed

The dependence of the HBTs base curigndn base-to-emitter
voltagewvpg is an exponential function, one of the strongest,
nonlinearities found in nature. The same is true of its collector
current,i, which is basically similar tag. Furthermore, the
junction capacitance, which is primarily a diffusion capacitance, Fig. 1 shows the equivalent circuit of a BJT with base
is also strongly nonlinear. These exponential nonlinear behatd emitter degeneration resistandés and Rg. At a low
iors are not seen in the nonlinear characteristics of HBT. Thiggguency, the capacitive elements are open circuited with
the measured high linear characteristics of HBT have motivatég = 0. In this case, all source voltages is applied to

the high-input resistancer{) of the BJT. Even though,

is nonlinear, the voltage across it is constant. This constant
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#/Rp which has g3 nonlinearity. Sincev is more linear than Z; Ry
8, Rg is a more effective degeneration resistor than. The ¥
linearization effects oftr andR can be clearly visualized by v, Vg 96 i ~Fay gb—lc z,
using Voltera-series expansion of (1b)
Grn N
G, IGm o
:Gnlo+ o AT7-r‘i_a Agnw+
T Tros9mo gm Trosgmo =
/307,770 ?gm +(RE+RB)/30 (Aggm _‘_73#) Fig. 2. HBT nonlinear equivalent circuit model.
= Grno + — = = T
(rmo+(Fo + 1) R+ Rp)? Our calculation shows that if the base and collector ideality

(28)  factors are identicak;, andCy;r nonlinearities are completely
ganceled out by they,, nonlinearity. The nonlinear current
sources from,, Cyig andCyep) are connected to the parallel
circuit of Z, and the remaining part of the input circuit.
Therefore,Z. /(Z;n + Zs) portions of the nonlinear currents
generated by the nonlinearities are not delivered to the output,
and the portion of;,,, cannot be canceled out. The residygal
nonlinearity is equivalent to the low frequengy, nonlinearity,

with high degeneration resistances given in (1b). In short, the

Here, the subscript” refers to corresponding values at the bia:
point. Sincey,,, and1/r, are proportional td,, the variations
are given by

Agrn ATTr AIO

e e ©)

grno TTFO IO

Therefore, (2a) can be further simplified

Boro (AL,) major nonlinear source of HBT 5. If Cy. is linearizedg,,
G = Gy + o ) (2b) With a large degeneration impedance is the major nonlinear
[rro + (Bo + DRE + Rp]? source. Cyepr NONlinearity cannot be completely canceled
As can be seen from (2bR - is a more effective degenerationa”d _becomes significant_ at a high frequency. The exponential
resistor tharR 5, by a factor of(3, + 1). nonlinear sources are internally canceled. In the following

This physical picture becomes complicated at a high fré€ctions, we will give detailed analysis results.
quency. The junction capacitances are not open circuited. The
emitter—base junction impedance is not high, and the source 1. N ONLINEAR CIRCUIT MODEL OF HBT

impedanceZs is usually conjugate matched to the input The simplified equivalent circuit of HBT used for our anal-
impedance of the device. Many studies at a high frequengyis is shown in Fig. 2. The base and collector nonlinear cur-
indicate thatC;. is the major nonlinear element of the bipolagent sources are represented gsndic, respectively. Further,
transistor [9]—[13] and should be linearized. This is acconghe hase—emitter nonlinear Capacitances appear asaqwge
plished by using a thin collector layer, which is fully depleteg,  is assumed to be linearized for a constant capacitance and
at a bias voltage, or by using a thick low-doped collector laygg omitted for nonlinear circuit analysis. This model includes all
which is depleted by the injected electron charges [13]. |mportant nonlinearities and is sufficient to represent the essen-
those cases:,. becomes constant. When thkg. nonlinearity tjal nonlinear properties of HBT.

is eliminatEd, the |inearity of the bip0|ar transistor improves The nonlinear elements are represented by the third-order ex-
considerably, even though it has strong nonlinear elements. pansion of the Taylor series. Under a small-signal condition, the

We studied the linear characteristics of a bipolar transistgase nonlinear current source can be expanded in the vicinity of
using a Volterra-series analysis. The results of our study for the bias point, yielding

circuit with linearizedC,. can be summarized as follows. For a

constant input voltages, the output current is given by in=Isp [exp < UBE ) B 1} )
nVr
iO — —Lxdm vg = —9m vs ) I I
ZiN +Zs 9= + jwCaig + jwCyepl Z1N + Zs iy = —2 4y + QB v+ 3B S U, (6)
4) neVr 2ngVy 0 GngVy "

_ 2 3
Here, Z, is the junction impedance of{||Cus||Caepr), and =91V + G2Vie + G3Vhe @)

Zpy is the input impedance given byt + Zx + Re(l+ wherelsg represents the saturation curremg, is the ideality
Z’Tgf"))' Bepausey?r(:l/fﬁ), Caii, andgn, are linearly pro- ;01 of the base currenfs is dc base current, anty is
portional toic, their nonlinear behaviors are identical. Thergg o mal voltage, and} andu,,. are the small-signal components
fore, (4) indicates that, is significantly linearized by the de- of i 3 andug g, respectively. 'Here, the coefficient (=1/r,) is

vice internal charac.teristlics, i.e, andCyig n_oplinearities are |inearized junction conductance.

canceled by;,, nonlinearity. Although the origin o'aep1 NON- 116 onlinear current source at the base—collector junction
linearity is different, it can be partially canceled by, nonlin- ic is given by

earity. Moreover, there are significant degeneration impedances,

as shown in the denominator of (4). This is the reason for the . UBE

high linearity of the bipolar transistor. ic =Isc [eXp <770VT> - 1}

®)
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4|Ediff+cdepG 5m lvbe

Fig. 3. HBT linear circuit for fundamental component analysis.
Fig. 4. HBT equivalent circuits for the second-orde 2) and third-order
(¢ = 3) intermodulation analyses.

wherelsc andnc represent the saturation current and ideality
factor of the collector current, respectively. The collector notion for the base-to-emitter voltage,. ., at the excitation

linear current source is also expanded as frequencyws can be expressed by
Z
Ic Ic 2 Ic 3 Vi =" V. (14)
fe = ——— Vpe + Uy, + Ve 9) be, we . 5wz
neVr 277%1/12 b 677%1/12’ b Zin+Zs

(10) The second harmonic circuit used for our analysis is shown

in Fig. 4. From the Volterra-series analysis given in Appendix I,
the output curreniy o, at the second harmonic frequency is
given by

— 2 3
= 9Im1Vbe + Im2Vpe + Gm3Vpe

wherel¢ is dc collector current, and is the small-signal com-
ponent ofi~. The coefficientg,,; is equivalent tay,,.
The stored charge at the base—emitter junctigy), is the

Sy . 1o, 20,
sum of diffusion and depletion charges

Im 1 1 2
=AZ; o, — — Ve
22 <2VT77€ 2VT77B> bes w2

7 C i 1 1
. - . : + A, 20, Jw; ) <2 Vi 2nV; )‘/"2‘“
whererg is the base transit time of the minority carrier, and (B+1) Nc¥r  4NBYr
is the emitter transit time, and is assumed to be comparable to . 1 1 2

. ; ' . : ) + AZr 200 GmJw2Clep - :
T5. Ag is the emitter areaX y is the depletion width of the > 2wz )2 de‘1<2chT 4(Vyi—Vgg) ) bo2
emitter, andNg is the doping concentration of the emitter. It Im 2

+B . oy (A11)

can be also expanded as follows: dncVr 7%

where the coefficientsl and B are given in (A12a) and (A12b)
Pe = (Caitt + Caepl) voe of Appendix I. Here A is the portion of nonlinear currents from
Ic Ip Clepl ) 2 7, Cair, andCyep1 NONlinear sources flowing int&,. and the

+ <277%V12 B+ 203 V2 e+ 4(Vy; — VBE) portion is multiplied byg,,. Therefore, it cancelg,, nonlin-

gBe = Tptc + Trtp + QAR XNNE (11)

I Ig Clepl earity. B is the portion of the nonlinear current, which flows
- <W Bt e E T 3W - VBE)2> Y into the source side and the portiongf nonlinearity cannot
(12) be canceled. In the input circuit, the feedback téf®s: Z . g,,, )
does not contribute to any harmonic generations.

The first term in (A11) originates from the cancellation of
r- and g,, nonlinearities. If the ideality factors of the current
sources are identical, the second-order IM distortion currents

are completely removed. The second term shows the cancel-
C(Llepl :AE \/2(

=C1Ube + CQUEE + c:»,vf,)’e (13)

where

gepepNels lation betweenCys and g,,, nonlinearities with the same be-
erlNp +epPp)(Vii — Var) havior. The third term, generated frofiy,.,; nonlinearity, can
and be canceled by,,, nonlinearity, but cannot be completely elim-
Ic S Ip . inated due to the different origin of sources. The last term is
neVr B n8Vr E the residualy,,, nonlinear portion. The coefficierf8g,, of the
last term is identical to the highly degeneratgd nonlinearity

For simplicity, depletion approximation is uséid,; is built-in  gquation at the low frequency given in (1b). It can be expressed
potential of base—emitter junction aht - is the base—emitter 4t 5 |ow frequency as

dc bias voltagey, . is the small-signal component gk g. ¢; is
the base—emitter junction capacitar@g(= Coep1 + Cuinr)-

Caig =

Bg — Z7772L~‘2 g ~ Tﬁgrn
" ZiNgws T Zs20, Tt gmrxRe+Rg+ Rp’

IV. SECOND-ORDER HARMONIC ANALYSIS (15)

The linear equivalent circuit of the HBT used for the For the numerical calculation of the nonlinear components
first-order analysis is shown in Fig. 3. The first-order equaf HBT, we used the model parameters of the<30 ;m?
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TABLE | 140
MODEL PARAMETERS OFHBT ]
150 -
Symbol Value Symbol Value 1
Ts 16 mA VaE 160V = %07
Ts 0.30 mA 3 & S aro]
nB 1.7 7L 150 1 E el
nc 1.0 Af 1 MHz : ]
a1 0.0089 B 872 x 107 5 & 1907
g2 0.1006 Clepl 43 x 10°BF © 200
g 0.7620 gm1 0.6027 2 L0l
) 9.63 x 10713 Im?2 11.6350 E‘J 1 —i— Residual r, nonlinear current \.\*\
Co 1.42 x 1011 Im3 149.7427 = 220+ —@— Residual C_ nonlinear current '1%
—10 1 . .
c3 2.05 x 10 Rp 8Q 2304 -~ Residual C,_ nonlinear current ﬁ%
Vi 1.627V Rg 2Q a0l ' *IW'V; lllle‘sildual g‘vnolnliln?a'r'cllfrrent -
o 1 10 100

Frequency [GHz]

-140 4 Fig. 6. Magnitude of four terms compositig, 2., in (A11).
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Power of 2nd order nonlinear currents [dBm]

E
-200 \ om
—¥— current from r_nonlinearity w =X
. . N o 3
-- current from Cnnonlmeanty B a A
hear & = 4 A
2204 & current from g_nonlinearity w 30 J
—O— total 2nd order nonlinear output current 2 &
T —— — — i 284 A——a-aa,, A | —m—Real HBT
0.1 1 10 100 : ‘Aq\ /A/ —e— with n _=n_=1.3
Frequency [GHz] 26 A—A —A— with R_=0

T — T —rT T — T
0.1 1 10 100

Fig. 5. Second harmonic currents at the output from each nonlinear source.
Frequency [GHz]

emitter HBT built at Pohang University of Science and TecHd9. 7. 1P2 levels of HBT calculated using the model parameters.

nology (POSTECH), Pohang, Korea. This device can deliver

approximately 13 dBm of power. The parameters are summa\We have calculated IP2 of our HBT and the same HBTs with

rized in Table I. For the calculatioi,s andZs 1., are adjusted some modifications. The results are shown in Fig. 7. The IP2

to have impedance matching at the fundamental and harmoieieel of the HBT is flat below 1 GHz. Above 1 GHz, &%icp1

frequencies and the input power is60 dBm. Fig. 5 shows nonlinearity becomes larger than, and the IP2 level slightly

the second harmonic currents of the HBT at rf frequencies. Alecreases with frequency. However, as the porBatecreases

shown,| 1o 2., |?, is much less thatY. s, |* (harmonics from with a frequency of about 4 GHz, the IP2 level rapidly increases

gm nonlinearity) for the overall frequencyio .., |? is about and finally becomes constant. In the case of identical ideality

5 dB less than!/. ».,|? at a low frequency, and is about 12 dBfactors of 1.3, the IP2 level is improved significantly at low fre-

lower at a high frequency. It is the result of a partial cancellatiaquencies, because nonlinearity is perfectly canceled out by

of I 2., DY I 2., (harmonics from, nonlinearity) and, »..,, some portion of,,, nonlinearity. At higher frequencies, the de-

(harmonics fromC';). At a low frequency/, 2., is larger than pletion capacitance nonlinearity is dominant and the linearity

1, 2., but at a higher frequency, the situation is reversed. In aidaprovement is minimal. For an AIGaAs/GaAs HB%; of the

dition, all currents start to decrease from about 3 GHz, becaygaded E—B junction HBT is 1.0, while that of the abrupt junc-

Z . starts to decrease due to the capacitance effect. Fig. 6 shtiws HBT is from 1.1 to 1.3 [16]. Further, thgs of an HBT with

the frequency-dependent values of the four term&pé., in  unpassivated extrinsic base region is around from 1.3 to 1.6,

(All). The cancellation betweefiy;r and g, nonlinearities while that of a passivated HBT is near 2.0 [17]. Therefore, the

is significant for all frequencies, and the dominant nonlineampassivated HBT with abrupt junction can have almost iden-

sources are. andg,, for a low frequency, and ar€q., and tical 5 andnc, and can enhance IP2. However, the surface re-

gm for a high frequency. At a low frequency, the perfect cancetombination is dispersive around the frequencies [18], and some

lation of r nonlinearity byg,,, nonlinearity using identical ide- care should be taken. The IP2 level for an HBT withh = 0

ality factors can enhance the second-order intercept point (IF23also calculated. As expected, the IP2 level is reduced because

of the HBT. the emitter degeneration has been removed.
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V. THIRD-ORDER HARMONIC ANALYSIS 180
We performed a similar analysis for the third-order intermod- z s g:::g:g::g;@:f:;*m%
ulation (IM3). The detailed sequence of analysis for the cir- 5 0——0-—0-0-0000G="0 DQQQS%O\
cuit given in Fig. 4 is described in Appendix Il. The third-order £ ] o %.\\\\A
output currentlo ., ., is given by E 2204 - o\
51
;] A
I O, 2wy —w1 '_'E 2404 !\ \OlAtA\
1 1 1 1 £ ol
o (A Yo Y] L
r= L\8n&V:E 8ngpViz 2ncVr  2ngVr s —#— current from 1, nonlinearity :\‘ %
. ] Cast o - current from C_nonlinearity b
: Ver, wo Vb*e, w T Dgpmj (2‘4)2 - wl) (1 +1 [3) ; ~280+ —4A— current from g_nonlinearity I
_ g —O— total 3rd order nonlinear output current ﬁ‘:
1 1 1 1 £ =
Mmoo 1+C -300 4
L\8neVyE  8npVir 2ncVr  2npVr 0.1 1 10 100
% . Frequency [GHz]
: ‘/1)26, w2 ‘/IL,, w1 + Dgrnj (2(")2 - wl)Odepl d 4
[ 1 3 Fig. 8. Third-order nonlinear currents at the output from each nonlinear
. 5 5 5 source.
\8eVi  32(Vii — Var)
+O< I 1 ) e I L
2ncVr  4(Vei — VBE) 1 A
1 200  m-—goactEEEETT
2 2 —
. VE}F,, wa V;:, w1 + Egnl <87’]%V2 +C 277C‘VT ) VE}F,, wa V;:,un g A
v g n
£ -240
(A22) 5
g 260
where the coefficients’, D and £ are given in Appendix Il. S
The D and E' have the comparable meanings/db&ndB in the 3 250 : !
_ . = - T o 0.2w2-wl
second qrder anaIyS|s case. X i 50 3 Residual r, nonlinear current -\§
. The third-order output IM current in §A22) has a very sim- = | & Residual C, nonlinear current =
ilar form to the second-order one. The first term of the equation —A— Residual C,_ nonlinear current ; '-_
. . . . . . = epl
indicates that . nonlinearity is partially canceled hy,, non- 020 ~%— Residual g_nonlinear current
linearity, and it can be perfectly canceled for matched ideality = o, 1 5 T

factors. The second term of (A22) indicates that the diffusion
charge part is also canceled by, nonlinearity. The third term
shows that the distortion signal generated from the depletion €&y 9. Magnitude of four terms compositdg -.., —.., in (A22).

pacitance is again incompletely canceled by some portion of that

which is generated from thg,, nonlinearity. The last term is r, nonlinearities byg,, nonlinearity using identical ideality
residualg,,, nonlinearity and the degeneration resistances céactors does not have any significant impact because they are
effectively reduce it. rather small quantities.

Fig. 8 shows the magnitude of the third order nonlinear We also examined the degeneration effects of the emitter and
currents of our HBT at RF frequencies. The basic behavidoase resistances. Fig. 10 illustrates the surface of the IP3 level of
are quite similar to that of the second-order case. At a |oMBT for variousRr andRp at 2 GHz. ForRr = 0 2, asRp
frequency, the nonlinear output current components fgam increases, the IP3 level of HBT monotonously increases, fol-
andr nonlinearities are larger thdg, ».., —., . Because of the lowing the degeneration gf nonlinearity. In the case dig #
internal nonlinearity cancellation mechanisffy, 2., —o |?is 0, the effect ofR 5 is negligible andR g is the dominant factor,
approximately 10 dB less than the power of the nonlinear outpfotlowing the degeneration ef nonlinearity. The maximum IP3
current fromg,,, nonlinearity for the overall frequencies. Fig. 9f HBT is obtained atRg = 5 £ and Rg = 0 2, which is
shows the frequency dependent values of the four terms 2#.2 dBm. AsRg increases further, the IM3 signal decreases.
1o 20, - IN (A22). The cancellations betweep andg,,,, and However, the largeig reduces not only the IM3 signal but
Cuaur and g, nonlinearities are quite good for all frequenciesalso the fundamental signal, and an optimum valuezegf is
Therefore, the dominant nonlinear sources for all frequenciaBout 52 in our case. These degeneration resistors should be de-
are Cyep1 and g,,,. The nonlinear current fromy.,1 becomes signed to consider both the thermal ballast effect and lineariza-
comparable tg,, term at 2 GHz and above. At a low frequencyion. A study for optimumRi g and R g design is currently under
(below 2 GHz), g,, nonlinearity with a large degenerationinvestigation.
resistor creates IM3. Between-20 GHz, IM3 are generated As canbe seen frofi of (A17) and (A22), the third-order IM
by Cuepr and g, nonlinearities. At higher frequencies, thecurrents are dependent on the second harmonic impedances of
dominant source i€'y.p1. Complete cancellation adf'yi¢ and  Zs o, andZs .., - We have calculated the IP3 of HBT for

Frequency [GHz]
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IP3[dBm]

Fig. 10. Three-dimensional surface of IP3 level of our HBT as a function
Rg andRB.

the various source terminations at the second harmonic frequen-
cies. The IP3 can be enhanced by 3.5 dB by setting the second

harmonic impedances &fs »,,, = 0andZs ,,—., = 0, which
are the optimum harmonic terminations.

VI.

To clearly delineate the linear characteristics of an HBT, w,
developed an analytical nonlinear HBT model using Volterra-
series analysis. Our model considers four nonlinearitigs:

CONCLUSIONS

1719

I, -, and by the nonlinear base and collector current sources

I, » andl. , are given by

12 =710 Z Z Vie,oo: Voe,on 3 (@i + wi)

1=—2 k=-—2

~exp(jwi +w)t), (A1)
2 2
Ib,? :iQQ Z Z %e,wi%e,wk
it=—2 k=-2
-exp(j(wi + wp)t), (A2)
Ic2—4gn122 Z %e wz‘/be Wi
i=—2 k=—-2
-exp(j(wi + we)t) (A3)

whereV,. ., is the first-order voltage phasor &j. at the exci-

htion frequencyuZ Thus, the second-order IM current source

for the frequency ofw, is given by

Iy 20, =5 §(2w2)eaVis o, = jwaeaViy o, (A4)
b, 2w — é 2‘/1)6 wo (A5)
Ic, 2wy — 3 grn?‘/be’wz . (A6)

Performing a linear analysis of this circuit, we find the base-to-
emitter junction voltage at the second harmonic as shown in
7) at the bottom of this page.
The output currento_ o, at this second harmonic frequency

Caig, Caepl, andg,,. The analysis reveals that there is an in-

ternal cancellation mechanism of nonlinearities in a BJT. The

nonlinear currents from; andg,,, andCy;z andg,, nonlinear-
ities are canceled quite well for all frequencies. Theref6hg,
is the main nonlinear source.dk.. is linearizedg,, is the main

nonlinear sources of the HB4,,, can be linearized using degen-

eration resistors. The degeneration resifgr is more effec-
tive thanR g for reducingg,,, nonlinearity, sincekg linearizes
the a-dependent nonlinearity whil&g the 3 dependent non-

linearity. TheCyep1 Nonlinearity becomes important at a high

frequency. This analysis also provides the dependency of

source second harmonic terminations on the linearity of HBT.

IO, 2wy = Gm1 %e, 2o + Ic, 2w + (A8)

Substituting (A7) into (A8) gives
_ _grnl(ZS,sz + RB + RE)ZTF,QLUZ
IO,QwQ = Ib,sz
ZIN 2wy T 25,20,
—9m1(Zs,20, + R+ RE)Zx 20,
+ I(172¢~2
ZIN 2wy + 2520,

L 9wy + L5206, + R R

the 4 Enoe + Zspen + Rpt Re) | )

ZIN 2w T 28,20,

The IP3 of the HBT improves considerably by setting the secomduation (A9) is further simplified to

harmonic impedances s o, = 0 andZs ., ., = 0.
APPENDIX |
VOLTERRA-SERIES ANALYSIS OF THE
SECOND-ORDER COMPONENTS

The harmonics can be found by means of a \Volterra-series
analysis. Fig. 4 shows the equivalent circuit for the second-order
nonlinear analysis. The second-order intermodulation currents
generated by the nonlinear base-emitter junction capacitance

1o, 2,
(Zs %, + Rp+ Rg)Z.
ZIN 2wy + 28,205
" (ZS 2w, T Rp + RE) 2w
ZIN 2wy + 28,205
A=gm1ly 20, +j2wac11e 20, }
YA
ZIN 2w + 25,20,

2
T { grnlIb 2wo +gllc 2u.2}

(A10)

e, 2wy

(ZS 2wy + RF)’ + RF) 7, 2wy (Ib 2ws +1 ,2@2) -

RF]Zﬁ,szIc,sz

‘/be, 2wg —

ZIN,

A7
2wo + ZS,QwZ ( )
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_ 9m1 1 1 2 APPENDIX Il
—AZﬂ' 2we & - ‘/be w
T 2re \2ncVr 2nBVr 2 VOLTERRA-SERIES ANALYSIS OF THE
JwaCai 1 1 9 THIRD-ORDER COMPONENTS
+ AZﬂ', 2wo Im1 - be, wsa . . . . .
.(/3 +1) \2ncVr  2nBVr Fig. 4 is applied to the calculation of the third-order IM com-
+ AZx 20, Gm1Jw2Clepl ponents. Since this circuit is identical to the second order circuit,
. 1 1 V2 itcan be analyzedin a similar manner. The third-order IM current
20cVe 4V — Vpg) ) P02 sources at the interesting frequencyef — w; are given by
9m1 2 . . .
+B IV Ve, ws (A11) Iy 2ws—wq =J(2w2 — wr) % c;»,Vbiyszbey o T 3(2w2 —wi)er
N [%e, 2we ‘/bt,’ w1 + %e, wo %e, wo —wl] (A13)
with =j(2wa—w1) [Sea+eO] Vid L, Vie o, (AL4)
I, 20s—wn = [395+Cq2] Vit 0, Vie (A15)
Ic, 2wo—wi — [4% gm3 + grnQC] ‘/1)2@7 wa va:;, w1 (A16)
Zs9., + R R . . .
At ZSQ 2+ BZ+ ) (A12a) whereC is shown in (A17) at the bottom of this page.
IN2ws T 252w, The third-order base—emitter voltage is calculated using the
B— L 20y (A12b) equation which is similar to the second-order voltage, as shown
 ZIN2w, + 2520, in (A18) at the bottom of this page.
= (Zs2w, + Bp + RE)(92 + j2w2c2) + Rpgme
214 (Zs2w, + B+ RE)(g1 + j2w2c1) + REGm1]
+ (ZS,wz —w1 + RB + RE)(QQ + j(w2 - wl)CQ) + REgrnQ (Al?)
1+ (Zsw—wn + BB+ Re)(g1 + j(w2 — wi)er) + REgm
‘/be, S _(ZS,ng —w1 + RB + RE)Zﬂ',sz —w1 (Ib,sz —wi + Iq,?wz 74«;1) - REZTF,QLUQ 7wIIc,2w2 —w1 (A18)

ZI]\T,QwQ—Lq + ZS,QwQ—w1
IO, Qwo—w; — Im1 %e, 2wy —wq + Ic, 2wy —wq (Alg)

_ _grn,l(ZS,Quz—ul + RF)’ + RFJ)Zﬁ,sz—wl (Ib,sz—wl + I, ,2w2—w1) - gnllRE’Zﬁ,sz—wl-[c,sz—wl
ZIN,QwZ —wy + ZS,QwZ —wi

[ZTr,sz —w1 + (ZS,sz —w1 + RB + RE) + REgranW,sz —wl]Ic,sz —w1

+ (A20)
ZIN2ws—wi + 25205 —w,
ZS,Qw —w T RB + RE Zﬂ',?w —w 3 *
= ( ZZIN; + ZS 2) — Z (glgrn3 - .93.97711) + C(glgrnQ - g?yrnl) ‘/1,267“;2 ‘/be,wl
+ (ZS,ng—w1 + RF)’ + RFJ)Zﬁ,ng—w1
ZI]\T,QL«)Q —W + ZS,QL«)Q —W
- [2j(2wz —w1)(c1gms — cagm1) + J(2w2 — w1)C(C1gm2 — Im1€2)] Vie. w, Voo, o
Zﬂ',?w —w 3 *
+ ZIN 2ws—w —12- Z; Yo —w <Z Ims Cng) Ver,wz Vie,in (A1)

gmi1 1 1 1 1 ) .
=P - c - V2 Vi
T { <877% V2 83V} ) + <2770 Vo 20pVi be, wo Ve, wi

‘ Cuaint 1 1
+ Dgm1j(2w2 — wi) 1+ 5) [(sngvg - 877%V12> e

+ Dgrnlj(ZWQ - wl)Cdepl

1 1
— Vit oo Ve
<277ch 277BVT>:| be, wq Y be,wy

1 3 1 1
- + O< - ) VQe w: VZ w
<877%V% 32(V; — VBE)2> 20cVr  4(Vi — VbE) ] ves e Thesen

1 1
Eg,, C vz v A22
+ Iml <877équ + 2770VT> be,wa Ybe, wy ( )
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Further, the third-order IM output current at this frequenc
is given by (A19)—(A22), shown at the bottom of the previou
page, where

= =

¥

(Z572w2 —wy + RB + RE)Zﬂ-,szfwl

D=
ZI]V,QL«)Q—L«)I + ZS,QL«)Q—L«)I

(A23a) |ﬂ

(A23b)

Zﬂ,?wszl
E= .
ZI]\T,QwZ —w1 + ZS,QwZ —w1
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