
442 IEEE TRANSACTIONS ON MICROWAVE ‘THEORY AND TECHNIQUES,VOL 40, NO. 3, MARCH 1992

Intermodulation in Heterojunction Bipolar Transistors
Stephen A. Maas, Senior Member, IEEE, Bradford L. Nelson, Member, IEEE, and Donald L. Tait, Member, IEEE

Abstract—This paper examines the modeling of small-signal
intermodulation distortion (IM) in heterojunction bipolar tran-
sistors (HBT’s). We show that IM current generated in the ex-
ponential junction is partially cancelled by IM current gener-
ated in the junction capacitance, and that this phenomenon is
largely responsible for the unusually good IM performance of
these devices. Thus, a nonlinear model of the HBT must char-
acterize both nonlinearities accurately. Finally we propose a
nonlinear HBT model suitable for IM calculations, show how
to measure its parameters, and verify its accuracy experimen-
tally.

1. INTRODUCTION

oNE OF the most delightful properties of the hetero-
junction bipolar transistor (HBT) is its unusually high

linearity at relatively low levels of dc bias power. For
example, Nelson et al. have reported a third-order inter-
modulation intercept point (IP~) of 33 dBm in a small-
signal amplifier using two HBTs and 150 mW dc power
[1]; other researchers have reported similar results [2].
This high linearity is surprising in view of the fact that
the dependence of the HBT’s emitter current, 1,, on base-
to-emitter voltage, V~., is an exponential function, one of
the strongest nonlinearities found in nature. Furthermore,
the junction capacitance, primarily a diffusion capaci-
tance, is also very strongly nonlinear.

The reason for this unusually high linearity has never
been explained adequately. It has been addressed to some
degree in papers on the modeling of intermodulation dis-
tortion (IM) in homojunction bipolar transistors (BJTs)
[3]-[7]. One of the most common explanations is that the
output resistance of these devices is very high, and thus
does not generate IM current. Although it is true that the
nonlinearity of the output resistance is not a dominant
contributor to IM in HBTs, it is not clear why the more
strongly nonlinear 1,( V~,) does not still provide very high
levels of distortion.

A Volterra-series analysis of a simplified HBT equiv-
alent circuit has been used to resolve this quandary. It
leads to a surprising and thoroughly counterintuitive con-
clusion: as long as the dominant frequency components
are below the transistor’s current-gain cutoff frequency ~
(which in our devices is -50 GHz), the largest output-
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current distortion components generated by the resistive
junction and those generated by the junction capacitance
have a 180-degree phase difference, and, in theory, cancel
almost exactly. Thus, paradoxically, it is the strong non-
linearity of both elements that causes the IM levels to be
low; if only one of these elements were nonlinear, the
device’s intermodulation would be much greater.

Relatively few nonlinear models of HBTs have been
reported, and none of these have been intended specifi-
cally for IM analysis [2], [8], [9]; indeed, the require-
ments of a device model for accurate IM calculations are
generally more severe than for single-tone, large-signal
amplifier analysis [10]. Here we propose such a model,
and demonstrate its validity experimentally.

II. INTERMODULATION IN THE HBT

We now examine analytically the distortion processes
in a bipolar device. We do this by performing a Volterra-
series analysis of a simplified HBT equivalent circuit, us-
ing the method of nonlinear currents [11] –[ 13]. Although
the equivalent circuit we use is somewhat idealized and
some significant nonlinearities are not included, it never-
theless illustrates a remarkable property of the device: the
cancellation of distortion components generated in the re-
sistive and reactive parts of the junction.

Consider the simplified equivalent circuit of an HBT
shown in Fig. 1. The transistor has real source and load
impedances (this assumption is not a very restrictive; we
shall examine it later). The resistance Rb represents the
sum of the base resistance and the source resistance; the
load resistance is R~. The nonlinearities are modeled by a
resistive diode (the base-to-emitter junction) and a non-
linear capacitance. Under small-signal conditions, the
junction Z/V characteristic can be expanded in a Taylor
series in the vicinity of its bias point, yielding

18 = g~v +g2z’2 + g32? (1)

where 10 is the saturation current and ti is the quantity
q)qKT. In the HBT q is very close to 1.0; also
gl = 1\Rj,, the inverse of the linearized junction resis-
tance. Similarly, in the vicinity of its bias point the
junction capacitance has the small-signal charge/voltage
characteristic

Ze = Zo(exp (6V~.) – 1) (2)

where 10 is the saturation current and 6 is the quantity

q/qKT. In the HBT v is very close to 1.0; also
gl = 1/RJ,, the inverse of the linearized junction resis-
tance. Similarly, in the vicinity of its bias point the
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Fig. 1. Simplified, linearized equivalent circtut of the H[BT. 1,( V6,) rep-
resents the resistive base-to-emitter junction, and Qh,,(V,,,) represents the
charge in the capacitive part of the junction.

junction capacitance has the small-signal charge/voltage
characteristic

qbe = C,v+ CZV2 + C,V3 (3)

where c., like g., are Taylor-series coetlicients. The
small-signal current in the capacitance is dqb=/dt. If we
temporarily make the assumption that the base-to-emitter
capacitance is dominated by diffusion capacitance, the
large-signal charge Q~@(V~,) is

where ~ is a constant with units of time. In reality the
base-to-emitter charge has a substantial depletion com-
ponent, and often is not dominated by diffusion charge
storage. We shall consider this matter later.

The coefficient c1 = (d/dVb.) Qbe(V&) in (3), together
with the expression for charge in (4), is the linearized
junction capacitance.

This expression, (4), represents an oversimplification
of the nonlinear capacitance in a bipolar device: it does
not include the depletion capacitance, and inl any case is
valid only when ~ is much less than a period of the exci-
tation voltage. Also, the capacitive nonlinearity is much
weaker than (4) implies. (Nevertheless, this expression is
used commonly in linear and nonlinear circuit simulators,
notably in SPICE II [3], to model intermodulation distor-
tion in bipolar devices.)

If the common-base current gain a s 1, the first-order
base-to-emitter voltage V~,,~ at the excitation frequency
Wqcan be expressed by

v,
‘be,q = 1 + &C,jUq “

(5)

We find the second-order voltage by means of Volterra-
series analysis and the method of nonlinear currents [13]-
[15]. The equivalent circuit for second-order products is
shown in Fig. 2. The second-order currents in the exci-
tation sources associated with the resistive nonlinearity,
1~,z, and the capacitive nonlinearity, ZC,2, (the “nonlinear
currents”) are

(6)

I4-0

@
ale

+-

R~
Rb

1:+ ‘

lg,2 ‘je +

t
c,

t
4,2=

lg,3 Vbe

p-‘1+
jc,3

Ie -= = = =

Fig. 2. Equivalent circuit of the HBT used for intermodulation analysis.
The current sources 1,, * and I,, ~ are the second- and third-order nonlinear
current sources, respectively, representing the junction capacitance; 1,~,*
and l,?,~ are 1hose representing the resistive junction.

where Vbe,q, is the first-order voltage phasor of Vbgat the
excitation frequency CIJq,,and there are Q excitation fre-
quencies. When only a single excitation frequency al ex-
ists, the second-harmonic component of the current in the
resistive part of the junction is

g’%? 1
Z8,2(2LIJJ= ~ (8)

and the second-harmonic component in the base-to-emit-
ter capacitance is

(Since we will be concerned with no other second-order
currents, from now on we will use Zg,z and Z,,’ to represent
the seconcl-harmonic IM components. )

Performing a linear analysis of this circuit, we find the
junction voltage at the second harmonic, 2r.01,It is

-(Z.,* + (1 - CU)Z8,2)
Vbe(2ti~) =

2c1jc01
(lo)

where we have again used the approximation CYz 1 and
assumed that 2Rb c1u ~ >> 1. The output current ZO,’at
this second-harmonic frequency is

( )VJ2W,)
1.,2 = aIe,2 = o! zg,2 + R, . (11)

JC

Substituting (8)-(10) into (11) gives

a Vie, 1
1.,2 = —— (Rj=C, g2 – C2) –

~J’%1(1 – dg’

2Ri~C* 4RJec1jul “
(12)

The first term in (12) is interesting for a number of rea-
sons. First, although it depends in part on the junction
capacitance, it is frequency-independent; jti, terms in the
numerator and denominator have cancelled. Thus, the
second term, which includes @I in the denominator, is
comparatively small (at microwave frequencies it is vir-
tually always negligible). Second, the second-order cur-
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rent components arising in the resistive junction, de-

scribed by Rj. c1gz, have either a zero or 180-degree phase
relationship with those arising in the junction capaci-
tance, described by Cz. Therefore, if c1gz and c~ are both
positive (which, in fact, they are), the second-order com-
ponents of distortion current cancel.

Differentiating (2) and (4), we find the c. and g,, coef-
ficients in (1) and (3) to be

l/Rj, = g, = 81., gz = 821,/2, gj = 8~1,/6,

Cl = T6]C, q = 7821,/2, C3 = Td3Ze/6 (13)

Substituting these into (12), we find that the term
(aV:,, ]\2R1e cl) (RJ.clgz – C2) cancels exactly, leaving
only the negligible second term.

Unfortunately, for a number of reasons this cancella-
tion is incomplete in real devices. First, we have already
mentioned the imperfection of (4) for describing the base-
to-emitter junction diffusion capacitance. This capaci-
tance includes a substantial depletion component, which
we did not include; replacing part of this ideal diffusion
capacitance by the more weakly nonlinear depletion ca-
pacitance reduces the strength of the capacitive nonline-
arityy. Second, although (2) describes the emitter current
accurately in GaAs–AIGaAs HBT’s, the collector current
is not well described by the relation 1, = u Z,; this rela-
tionship is weakly but not negligibly nonlinear, and in-
cludes a time delay td.Thus we must use an expression
of the form

ZC= ~,l~(t – td) + ck!~l~(t– t~)

+ a3zj(t– t~)+ “““ (14)

to describe the relationship between small-signal collector
and emitter currents. Finally, this theoretically perfect
cancellation occurs only when all significant frequency
components are within the mid-frequency range. It would
not occur, for example, in the case of a two-tone com-
ponent at U1 – U2, where til and U2 are closely spaced
excitation frequencies, or in higher-order multitone prod-
ucts where such low-order components are significant
contributors. Nevertheless, substantial cancellation clearly
occurs in practical devices: the difference between the
second-order (i. e., second-harmonic) intercept point at
low frequencies (where the base-to-emitter capacitance is
negligible) and at mid frequencies (where 2WI > 1/Rb cl)
is on the order of several dB.

(It is interesting–and perhaps tantalizing–to note that
if this cancellation were perfect, the mid-frequency sec-
ond-order intercept points would be on the order of 50 dB
or more. Thus, it may be possible to improve the linearity
of these devices by closely matching their capacitive and
reactive nonlinearities. )

Cancellation of the distortion currents occurs in third-
order products as well. Since third-harmonic cancellation
process is nearly identical to second-harmonic, we illus-
trate this phenomenon briefly by considering the more in-
teresting third-order IM product at 202 – COi. The
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equivalent circuit of Fig. 2 is valid for third-order IM as
well as second, as long as the nonlinear currents in the
resistive and reactive parts of the junction, lE,3 and lC,q
respectively, are expressed by

3&?3 *
zg,3 = ~ Vbg, , V;c, q + g2(l&e, 1 ~be(2@2)

+ Vb,,z Vbe(LJz – al))

[

3C3 *
ZC,3= j(2@2 – u,) ~ V&, V~,,~

+ cz(V$=,] ~&,(2@z)+ ~&’2V&(tiz

(15)

1(o,))(16)

and the third-order junction voltage, Vb,(2~~ — u 1), is

–(ZC,3+ (1 – a)lg,3)
v~e(2@2– (J,) =

C1(20J2– 0,) “

The output current, l., ~, is

( ~be(k)z– U,)
1.,3 = CYI.,3= a 18,3 -I-

)Rje .

Substituting (15)-(17) into (18) gives

Zo,3 =
0!

Rec1j(2w2 – al) [(
(R,ec1(2a)z – ml) – (1

(17)

(18)

a))

“(%3 *~~b=,, V;C,2+ &(~&,,~b=(hz)

) 3j(hJ2– o.),)
+ ‘be,2 ‘be(@2 – al)) – 4

1+~be,z~&(@2– 01)) . (19)

In the above expression we have stretched our assump-
tions a trifle by implicitly assuming that the 02 – til com-
ponent is within the mid-frequency range, although in
practice it rarely is. Because the terms in (19) containing
this term are not dominant, the inaccuracy thus introduced
is not great. Our purpose is to illustrate the existence of
cancellation effects in third-order intermodulation, not to
calculate IM levels exactly; thus, we will allow ourselves
this liberty.

Under the same assumptions as for the second-order
component, g3 = 63Z,/ 6 and C3 = r83Z,/6. Substituting
these into (19), we find that many of the terms cancel (in
fact, all the terms containing ~ cancel) and we obtain for
z0,3:

I
–-Q(CX– 1)

0,3 = 2Rgc1j(2cu2 – co,) “’(:’va+ ‘J ’20)

where

~3a = J’% 1v;.. 2
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Fig. 3. (a) Second-harmonic and (b) third-order intercept points as func-
tions of c2/cz, (,P,and c3/c~,,,P, whenZ, = Z, = 50 Q.

and

vq~ = V$e,~v&(2@ + Vb;,*v~e(o~ – al).

Fig. 3 shows the calculated second- and third-order inter-
cept points of a 2 x 10 pm quad-emitter HBT, as a func-
tion of the capacitance coefficients C2/cz, ~Ptand cs /cs, Opt,

where c~,optis the optimum value of c~, given by (3) and
(13). The HBT is modeled by the complete equivalent cir-
cuit (described in Section III, below). It is clear from these
plots that, even with the HBT’s parasitic, the capacitance
given by (4) is the value that provides optimum IPZ. It
also shows that C2,opt, as predicted by (12), is largely in-
dependent of frequency as long as the device is operated
well above the cutoff frequency for such phenomena, i.e.,
(.oI>> ljRbcl.

Fig. 4 shows the measured second- and third-order in-
tercept points of the 2 X 10 pm quad-emitter HBT biased
at 3 V, 16 mA collector current, and having 50-Q source
and load impedances. These are compared to the intercept
points calculated for the full equivalent circuit described
in the next section. The IM calculations were performed
by the Volterra-series program C/NL [16]. At low fre-
quencies the intercept points are relatively low, because
the IM currents in the resistive junction are not cancelled
by those of the capacitive junction (the cutoti frequency
for cancellation effects, 1/2~Rb c1, is approximately 1
GHz). Above this frequency the second- and third-order

Second-Harmonic Intercept Point
2 x 10 micron Quad HBT; Ic = 16 mA

E35”0mD

25.&_-___J
2.0 4.0 6.0 8.0 10.0

Frequency, GHz

(a)

Third-Order Intercept Point
2 x 10 micron Quad HBT; It-= 16 mA

30.0

A

,o.,~
2.0 4.0 6.0 8.0 10.0

Frequency, GHz

(b)

Calc.

A
Meas.

Fig. 4. Measured and calculated 1P, (a) and IP3 (b) of a TRW 2 X 10 pm
qu~d-emitter HBT. The second-orde~ product is the second harmonic of the
excitation frequency, and the third-order product is the one at 202 — u,.
The bias conditions are I< = 16 mA, V<{,= 3 V, and Z,, = Z, = 50 !2.

intercept points rise; they eventually level off at a value
that remains remarkably constant with further increases in
frequency.

The worst-case difference between the calculated and
measured intercept points in Fig. 4 is approximately 2 dB,
although m~ostpoints are within 1 dB. We believe that this
error is caused primarily by difficulty in controlling of the
source and load impedances during the measurement: the
calculations were made under the assumption that the
source and! load impedances were 50 Q; however, the
measurements were made on-wafer with probes having
VSWR’S as high as 2.0 at some frequencies.

The previous analysis was based on an assumption that
the source impedance was large and real, typically 500.
In practical situations, where the source impedance is
complex, one might be tempted to question the validity
of the above analysis. The cancellation effects described
above occur when the dominant components of the har-
monics or IM distortion occur at frequencies where the
reactance of the junction capacitance is much less than
Re {Z,} + Rbl + Rb2 (where Z, is the source impedance
and Rbl + Rb2 are as shown in Fig. 5), and most of the
current of the nonlinear current sources in Fig. 2 circu-
lates in RJeand Cb,. This is usually the case at microwave
frequencies when the input is conjugate matched. The load
impedance has a strong effect on the device’s intercept
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Fig. 5. Complete nonlinear equivalent circuit of the HBT

points; however, it does not affect the existence of the
cancellation phenomena we have described.

III. MODELINGTHE HBT

To model the HBT we use the equivalent circuit of Fig.
5. This circuit includes three nonlinearities: the resistive
junction, modeled as an ideal junction diode, the capaci-
tive junction, and the nonlinear current source ZC(Z.).We
also include a number of parasitic that were not part of
the simplified circuit of Fig. 1; the most important of these
is the emitter resistance R,,.

The parameters of the model are found from a combi-
nation of dc and S-parameter measurements. We have
measured the parameters of the junction Z/V characteris-
tic in two ways. The first is to plot log (Z,) as a function
of Vb=at low current levels (so-called Gummel plots). If
the junction temperature remains constant over an ade-
quate range of bias voltages, the parameters of (2) can be
found from such a plot in a straightforward manner [17].
However, our HBT’s have a junction-to-mounting surface
thermal resistance of 600– 1000 centigrade degrees per
watt (depending on device size), and are therefore subject
to considerable junction heating. Because the parameter
10is very sensitive to temperature, it is not possible to find
R., from such a plot; instead, we use the device’s low-
frequency Z parameters to find Rec. We first convert meas-
ured low-frequency S parameters to Z parameters, then
find R=. from a plot of Zlz as a function of 1/l,. This plot
is the straight line Z, z = Rje + R,,, and the extrapolated
y-intercept is R==.This method eliminates the effects of
junction heating on the parameter 10 in (2); the effects of
temperature on ~ are not eliminated, but they are not se-
vere enough to affect the measurement of R,, signifi-
cantly.

(One might object that the HBT’s equivalent circuit
[Fig. 5] does not have a 2 matrix, and thus Z,z is unde-
fined. However, the real device has a finite albeit large
collector-to-base resistance; this resistance allows Z1~ to
be defined. Numerical tests have shown that a resistance
of even several megohms results in a well conditioned Z
matrix. We do not include it in the model, however,
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because its effects on other aspects of the device’s per-
formance are thoroughly inconsequential.)

The collector current lC is a nonlinear function of emit-
ter current Z,, and there is a time delay td between the two
currents. Because of numerical difficulties in differentiat-
ing lC(Z~),the nonlinearity in a is best found by differen-
tiating 6(Z.). We find /3(1,) by converting low-frequency
S parameters, measured at several values of Z., to H pa-
rameters; then (3 = H21. The Taylor-series expression for
lChas a delay tdand the coefficients a,,:

Zc = CY,le(t– t~) + Qzlj(t – t~) + a~z:(t – t~) (21)

where

The u coefficients are given in terms

(22)

of (3by

(23)

(24)

1

(

–2 d~ + d2fi— —.
)a3=6(~+l)2 ~+ldZC dZ: “

(25)

The time delay tdcan be found by fitting S parameters
measured over a range of microwave frequencies to those
calculated from the equivalent circuit of Fig. 5. The cir-
cuit’s S parameters and distortion are surprisingly sensi-
tive to td;a change of even a few picosecond significantly
affects both the S parameters and the IM intercept points.

The nonlinear base-to-emitter capacitance C~g(V~&)is
the parameter most difficult to model. We use (3) to model
the capacitance and determine the c. coefficients at each
bias point of interest by measurement. The first coeffi-
cient, c1, is the linear base-to-emitter capacitance; it is
found by fitting the model to measured S parameters. Once
the CY.and l,(V&) are established, Czis the only parameter
affecting second-order intermodulation; therefore it can be
adjusted so that calculated and measured IM levels are
identical at some convenient point in the mid-frequency
region (the measurements are made with 50-fl source and
load impedances). Similarly, when C2is known, the only
remaining parameter affecting third-order IM is C3; this
parameter is adjusted to give the correct third-order IM
levels.

IV. RESULTS

Table I shows the model parameters for a TRW 2 x 10

jtm quad-emitter HBT. This device has a vertical struc-

ture similar to that described by described by Nelson et
al. [1] and Kim et al. [2];however its emitter area is
somewhat greater. The results shown in Figs. 3-6 were
obtained through the use of the data in Table 1.

This model has been used to predict the second- and
third-order intercept points of a monolithic HBT
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TABLE I
EQUIVALENT-CIRCUITPARAMETERSOF A

TRW 2 x 10 pm QUAD (i. e., FOUR-
EMITTER) HBT

Parameter Value

1,7
1.75
3.’7
3.7
3.0
58.7 . 10-15
15.7 . 10-’5
1.065
1.0 10-23
1.85 . 10-]2
1.2 . 10-”
4.0. 10-”
0.9764
0.22605
–6.259
3.66 . 10-12

V,, = 3.0,1, = 16 mA, ~ = 305°K (es-
timated junction temperature).

01. I $ 1 . ...1..,.1
5 6 7

10
8 9 10 11

Frequency (GHz)

Fig. 6. Comparison of measured and modeled gain, IP2, and IP3 of a sin-
gle-stage, quadrature-coupled HBT amplifier.

amplifier. The amplifier is a single-stage, quadrature-
coupled unit; Fig. 6 compares its measured and calculated
second- and third-order intercept points. The intermodu-
lation calculations were made by the harmonic-balance
program Libra [18]; the HBT model was installed in it as
a “user-defined” model, and the circuit was analyzed as
a whole; i.e., both devices and all passive elements were
included. The accuracies of the gain and two second-
order IM products are well within 1 dB, and the calculated
and measured third-order intercept points are within two
dB of each other.

V. CONCLUSION

This paper has shown that intermodulation distortion

can be modeled in an HBT by considering three nonlin-

earities: the resistive and reactive parts of the base-to-

emitter @nction and the current-gain nonlinearity. The IM

distortion of these devices is low because of cancellation

of IM components arising in the nonlinear base-to-emitter
junction resistance and capacitance. Finally, we have
shown that the device can be modeled accurately by a
straightforward equivalent circuit, and the parameters of
that circuit can be extracted from RF and dc measure-
ments, These results inevitably suggest that interrrtodu-
lation distortion can be reduced further by increasing—
rather than decreasing—the strength of the capacitive non-
linearity.
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