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Abstract—The third order intermodulation distortion (IMD3)
mechanisms of HBT’s are analyzed using Volterra Series the-
ory. A T-equivalent circuit is used for the large-signal model
of the HBT. The third order nonlinear currents generated by
the device nonlinearities are evaluated for this purpose and
current cancellation is discussed. It is found that, even though
the C,, and g, related currents do not show pronounced can-
cellation, the fotal base-emitter current and the total base-col-
lector current cancel partially. Second harmonic loading is ad-
dressed in view of IMD3 optimization while, at the same time,
maintaining high gain through conjugate matching at the fun-
damental frequency. IMD3 is very sensitive to the nonlinear
currents generated by g, and a. Optimum IMD3 occurs at high
second harmonic reflection coefficients corresponding to open
load conditions. Finally, minimum and maximum IMD3 occurs
for second harmonic load reflection coefficient phases close to
analogous extremes of the dominant nonlinear current of the
device.

I. INTRODUCTION

ECENT work on Heterojunction Bipolar Transistors

(HBT's) demonstrated the merits of this device for
low harmonic distortion applications as evidenced by their
third order intermodulation characteristics [1]. Work on
BJT amplifiers dating back to the 60°s has shown that un-
der certain bias or loading conditions third order product
nullification may take place in the base-emitter junction.
A more complete analysis on these aspects was reported
by Narayanan [2] using Volterra Series.

Volterra Series has been extensively used for modeling
frequency dependent distortion in weakly nonlinear de-
vices [3]-[6]. Its implementation to bipolars (Si BJT’s or
HBT’s) has been limited due to their inherently strong
nonlinear behavior, which confines the dynamic range of
calculations in the small signal region. This technique
provides, however, the ability of examining in detail the
contribution and interaction of each nonlincar current and
has therefore been used in this work to provide a good
insight to the HBT distortion mechanisms.
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The good IMD3 performance of HBT s has been attrib-
uted to partial cancellation of the IM currents generated
by the emitter resistive and capacitive elements [7], [8].
Using a very simple model with only two nonlinearities
(the base-emitter conductance and the base-emitter junc-
tion capacitance) Maas [8] has, for example, proven this
mechanism under certain assumptions. In reality, how-
ever, only partial IM current cancellation occurs due to
the rather small capacitive nonlinearity as evidenced by
the increase of the third (or second) order intercept point,
IP3 (IP2) with frequency [8].

A first analysis of the HBT nonlinear characteristics by
considering all the device nonlinearities was recently pre-
sented by the authors [9], using a hybrid-x model and a
Volterra Series approach. It was found that absence of
Ci, g and g,, would degrade IMD3 while the opposite
occurs for the C,. generated current. Interactions between
these elements were found to define the final IMD3 per-
formance. This paper provides further insight into the
HBT distortion characteristics through the help of a more
physical model based on the T rather than 7 configura-
tion. The modeling technique used was based on Volterra
Series and is described in Section II. Section III describes
the experimental characterization procedure and results.
The analysis of the various nonlinear currents and the way
they interact to determine the IMD3 characteristics are
finally described in Section IV. Details on the effect of
second harmonic load termination on distortion are also
presented in the same section.

II. DisTorRTION MODELING BY VOLTERRA SERIES

The large signal equivalent circuit model used for the
HBT analysis is shown in Fig. 1. An intrinsic T config-
uration is employed together with all the external para-
sitics. The extraction technique used for the equivalent
circuit elements is discussed in Section III. The four ma-
jor sources of nonlinearity are the base-emitter capaci-
tance, C,, the base-emitter conductance, g, the base-
collector capacitance, C,. and the common gain current
gain, o. The small signal currents (or charges) of all non-
linear elements are described in the quasilinear case as

of of

s +
l aVbe VUpe 3Vce Uce, (1)
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Fig. 1. HBT‘large signal model.

where f represents the large signal parameter of the par-
ticular nonlinearity. All f’s are frequency independent
except for « due to signal delay considerations. The de-
rivatives (3f/dV) in (1) represent small signal values and
-can be obtained experimentally through bias depende,nt
S-parameter measurements.

The Cj, and g;, bias dependencies are shown in Fig. 2.
Since both elements depend on V;, only, the derivatives
with respect to V,, are set to zero and the following
expressions were used:

af,; :

G, = 612: = ¢y + cily, )]
afi'é . ' '

8je = aVi = 80 + gy + gal}. (3)

g, was forced to be equal or very close to its value ob-
tained through differentiation of the dc base current over
V,. given by, I, = L/

The above relation was used to convert all J, depen-
dencies to ¥V}, dependencies. This allows one to expand
the bias dependencies for C;, and g;, in a Taylor Series of
the voltage, V. Third order Volterra Series analysis ac-
counts for derivatives of these small-signal elements with
respect to ¥, up to second order. This corresponds to the
third order derivatives with respect to V;, of the large sig-
nal quantities ( fije» f450) used in equations 1 through 3.
C;, consists, in general, of three components: the
base(B)-emitter(E) depletion capacitance, the diffusion
capacitance and a component due to charge storage at the
dip created by the conduction band discontinuity at the
base-emitter junction. The contribution of each compo-
nent to the overall C;, value depends on design and op-
erating conditions. In the particular case of the HBT's in-
vestigated in this study, C;, was small due to small device
area and graded E-B heterointerface. Furthermore, the de-
vices showed a weaker dependence of C;, than g;, on I,
compared to g. This implied a smaller contribution of

C;. than g;, to the device nonlinearity. Although this is
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Fig. 2. C, and g;, bias dependence of the HBT.
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true for the investigated devices, the situation may be dif-
ferent for other HBT designs and different operating con-
ditions.

The base-collector(C) capacitance bias dependehce is
shown in Fig. 3. C,,. is primarily V,, dependent and. its
bias dependence can be found by fitting the measured data
to the expression,

Ch. = afqbc _ 1 (4) .
be T aVbc \/Cb() + Céche + CbZVge + .- '

The compatibility of C,, with equation 1 was ensured by
considering v,. = v, — v, and since,

af qbc ‘afqbc
— 5
9o = aVbe an Uces ( )
We obtain
e W ppe ‘ |
Ve _ Yare _ ¢, ©®
d Vbe aVbc :
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and
3 fope ’
fqbc - _ qb = —C,. %)
aVce aVbc
The small signal current through « is given by
al ‘
| I = 57: I, = ol,. (8)
Since i, = —(gj, + jwCi)vp,, this relation becomes
figa
ip = —o( 8je + ]wcje) Vpe = % Qbe’ )
where,
—jwr
o= o ¢ . (10)
LW
1+ j—

a

The bias dependencies of «g and f, = w,/2m are shown
in Fig. 4 while 7 versus V,, is shown in Fig. 5. All these
parameters depend only on V,, except 7 which depends
only on V,,. Furthermore, all derivatives of the large sig-
nal current, f.q; flowing through o with respect to V,, are
zero. The I, dependence of oy and f, were considered by

g = ay + aply (an
and

fo =fo + fily. (12)

Finally, the V., dependence of the transit time 7 is given
by

7=ty + 1,V + 6,V,. (13)

. The probing method [10]-[12] was used to implement
the Volterra Series theory and the analysis of the IMD3
mechanisms was made up to third order approximation.
The input signal exciting the HBT can be described using
Volterra Series as follows:

K
v, () = .Zl A, (14)
If v;(2) is the voltage at node j, then this voltage can be
expressed, to an nth order approximation, in terms of the
mth order nonlinear transfer functions, H,,(jw, ju,,
, Jwy) (Wwithm =1, 2, 3, , n), as follows:

n

v = 2 ,m(t) (15)
where
. K K K
= 3 5 - 2 (T 4,
ki=1k=1 km=1 \i=1
I{jm(jwkl’,jwkzz ce, Jog,)
© exXp (jwpt + jwt + -+ jop )t (16)
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Fig. 5. 7 bias dependence of the HBT.

The calculation of the nonlinear transfer functions is per-
formed sequentially, from lowest to highest order, by
solving linear systems of equations. The first order trans-
fer functions determine the response of the linear circuit,
while the second or higher order functions account for the
device’s nonlinear behavior. Nonlinear currents were de-
fined for second or higher order calculations. The second
(or third) order nonlinear transfer functions are calculated
by solving the linear system corresponding to nonlinear
currents of the respective order.

Given a real source voltage, the fundamental and third
order intermodulation voltage at frequency 2w; — w, for
node k and to a third order accuracy are given by
= %Bke{"’" +

Uk, (D) 5 B¥e e (17)

_ 1 201t — jwat 1~k —j2w1t + joat
vk,Zw]-wz(t) =72 Cke] / + icke / /

(18)
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where
By = AHu(jw) + 7 |43] A Hu(—jor, jor, jo)
+ 3 143] AHig(=jw, jor. joo) (19)
and
G = 3 A3FH(joy, jor, —jwr). (20)

Consequently, the power absorbed by the load at the fun-

damental frequency, w;, is given by,
Pou = 3 |Byf* [Y(jw))| cos [2Yi(jeo].  (21)

Similarly, the power absorbed by the load at the fre-
quency 2w; — w, is the third order intermodulation prod-
uct (IMD3), given by

Pivps = 3 |Col? |¥i(j20; — jw))|

cos [2 Y;(j2w; ~ jws). (22)
Finally, the input power is given by,
Po = 5 |Bi|* [Yu(jep| cos [2 Ya(jo),  (23)

where Y, is the transistor input admittance seen from
port 1.

1II. ExPERIMENTAL CHARACTERIZATION AND
MODELING PROCEDURE

The devices characterized were AlGaAs/GaAs HBT s
with total emitter area of 200 pm?. Load Pull measure-
ments were performed under single and double tone ex-
citation with signals at frequencies f; = 8 GHz and f, =
fi + Af, where Af = 100 kHz. An automated tuner sys-
tem by Focus Microwaves Inc. was used for this purpose.
DC bias was selected for Class-AB operation. The source
impedance was set close to its simultancous match value
to assure maximum gain. The T-model, shown in Fig. 1,
was used for device simulations.

Multibias S-parameter tests at different I,’s and V_’s
and equivalent circuit extractions at each one of them per-
mitted the evaluation of the base current (Ig) and collec-
tor-emitter voltage (V) dependence of all circuit param-
eters considered to be nonlinear (i.e., C,., g, Gy and o).
This was carried out by fitting the equivalent circuit pa-
rameters of the HBT to the measured S-parameters at a
bias point which coincided with the bias condition used
for the intermodulation experiments and analysis; Class-
AB operation in the case of the HBT studies reported here.
Once all model elements were evaluated at this bias point,
the linear elements (e.g., R,, L,, L., R_ etc.) were kept
constant for the remaining (different bias) S-parameter fit-
tings, and the only variables were the nonlinear equiva-
lent circuit parameters. C,, g, o and f, were considered
as I, only dependent elements. Similarly, 7 was consid-
ered to depend only on V,,. All S-parameters were mea-
sured over the frequency range of 1.5 to 26.5 GHz using
a HP 8510B Network Analyzer. I, versus V, tests (Gum-
mel plots) were used to convert from /, to V,, depen-
dence. The IMD3 products were measured using a TEK-
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TABLE I
PARAMETERS FOR THE ELEMENTS BIAS
DEPENDENCIES

Parameter Value
¢ 0.821555 pF
¢ 0.109497 pF /mA
& —2.0087 §
8 1.13903 S /mA
Cho 565.573 1 /pF?
i —1080.02 1 /(V + pF?)
Cha 704.8021/(V?* - pF?)
oo ' 0.814742
ag, 0.032897 1 /mA
fo 2.66697 GHz
f 7.24425 GHz /mA
i —2.24375 pS®
1, 2.02489 pS>/V
t 0.06017 ps*/v?

TRONIX spectrum analyzer. Typical bias dependencies
of the various equivalent circuit elements are shown in
Table I.

Volterra Series was next used to analyze the nonlinear
characteristics of the intrinsic device. This was carried
out by incorporating the parasitic elements L,, C,;, R); in
the source load and L_ and R, in the output load. The anal-
ysis performed here considers large-signal nonlinearities
with respect to the voltages V,, and V., up to third order.

. Therefore only load responses at dc, the fundamental har-

monic and the second harmonic are accounted for. A 50
Q termination was considered as the output load at dc and
at the second harmonic. The source load was set equal to
50 © at dc and equal to its conjugate match condition value
at the second harmonic. At the fundamental harmonic (8
GHz) both loads were set equal to their conjugate match
value to allow for maximum gain. The selected bias point
(I, = 2 mA, V., = 2.5 V) corresponds to Class-AB op-
eration. The IP3 of the device was 23 dB and the discrep-
ancy between the experimentally and theoretically deter-
mined values of this parameter was 1 dB.

IV. ANALYSIS OF IMD3 CHARACTERISTICS AND
RELATION TO THIRD ORDER NONLINEAR
CURRENTS

Optimum output power and IMD3 performance can be
controlled simultaneously by adjusting the effects of the
various nonlinearities according to variable external load
conditions in order to obtain: (i) conjugately matched
conditions at the fundamental frequency for maximum
gain and (ii) proper second harmonic termination for low
IMD3 product. Both conditions are possible by selecting
appropriate load (Y)) frequency responses so that Y,(f))
satisfies best the gain requirement while, Y;(2f)) (at the
second harmonic frequency) provides low IMD3. It should
be noted that the loads at dc and the second harmonic are
considered at the plane of the intrinsic device terminals,
since the parasitic elements L., R, Cy(, R, and L, were,
for the purpose of the nonlinear analysis, incorporated into
the external loads provided by the microwave tuners. The
analysis presented here is performed for various Yi(2f;)
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values corresponding to different load reflection coeffi-
cient magnitude (G 2/, nqe) and phase (Gy »y pn)-

The contribution and impact of the model’s nonlinear
elements on IMD3, can be determined by examining the
third order nonlinear currents generated by each element
at frequency 2f; — f>. This also allows the investigation
of possible nonlinear current cancellations which may lead
to better intermodulation characteristics.

Third order nonlinear currents are proportional to the
third order derivatives of the large signal quantities (i.c.,
fye etc.) of the various nonlinear elements with respect to
V,. or V.. Fig. 6 and 7 show the third order nonlinear
currents generated by the four nonlinearities as a function
of the phase of the load reflection coefficient, G, 5 ,, at a
magnitude equal to G, y ., = 0.75. The choice of source
and load terminations for this study was explained at the
end of Section ITI. All currents were evaluated at an input
power level of —7.32 dBm. Included in this figure are
also the sums of the currents generated by g;, and C, (in-
dicated as g, + C;.), the sum of the currents generated
by gi.» Cie. Gy and « together (indicated as g, + C, +
C,. + @) and the sum of the currents generated by C,. and
a (denoted as G, + @); g, + C,, + Gy + « s the total
third order nonlinear current entering the input base ter-
minal, while C,. + « is the total current entering the out-
put collector node. As one notices, the nonlinear current
generated by g, turns out to be the strongest of all ele-
ments followed by the current generated by «. The C,
and C,, related nonlinear currents are much lower than
that of g, (compare Figs. 6 and 7). As a result, the total
B-E and B-C currents, g, + C, and C,, + «, respec-
tively, are not much different than the g,, and « alone re-
lated currents. Also, due to the much lower C,, related
current no significant B-E nonlinear current cancellation
is observed. Total cancellation of the third order currents
is, in any case theoretically, impossible according to Maas
et al. [8]. One, however, must bear in mind that a more
pronounced cancetlation may be true for the second order
currents. Partial current cancellation was observed among
the total B-E and B-C currents: the total current entering
the base junction (g, + C,, + Cj. + «) is lower by almost
a factor of 2 compared to the individual junction currents
(g + C. and C,. + o), for all second harmonic output
load coefficients.

Fig. 8 shows the corresponding phases of all nonlinear
currents discussed above. Nonlinear current cancellation
between currents entering a node occurs at the point where
the phase difference of the participating elements is greater
than 7 /2. One notices a difference of =210° between the
C. + g and C,, + « generated currents. It is also inter-
esting to note that, the difference between the phases of
C, and g, as well as Gy, and « currents, is of the order
of 90° and 150°, respectively. Cancellation is, however,
not noticeable because of the large difference of the in-
dividual current magnitudes. Under different bias or fre-
quency conditions g,, and C,, or Cp, and o may, however,
show different magnitude and phase relations leading con-
sequently to other cancellation features.
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Fig. 7. Third order nonlinear current magnitudes of C,, and C,, versus the
phase, Gy 51 i, Of the second harmonic load at G 5 ey = 0.75.

The contribution of each element and its importance on
IMD3 can be evaluated by comparing the IMD3 value
when all nonlinearities are present with its value when the
third order nonlinear current of a particular element is
substantially reduced. This provides a measure of the
IMD3 sensitivity on the nonlinear currents and their com-
binations. Fig. 9 shows IMD3 characteristics under
Gi.2f,mag = 0.75 termination conditions when all elements
are present, as well as, when the nonlinear currents due
to particular elements or combination of them are elimi-
nated. The sensitivity of IMD3 on a particular element is
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Fig. 9. Sensitivity of IMD3 on third order currents due to various device
nonlinearities.

determined not only by its magnitude but also by the po-
sition in which it is attached to the circuit. As one notices
the sensitivity of IMD3 on the C;, or C,, related current
is marginal due to their very low magnitudes. IMD3 would
degrade if the effect of the « or g, generated third order
current is reduced; a factor of 100 reduction was consid-
ered in the analysis. The same holds for the C,, + g, and
the C,, + « related currents. The sensitivity of IMD3 on
the latter currents is essentially the same with that ob-
served for g, and « alone due to the dominance of these
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Fig. 10. IMD3 dependence on the phase (G, », ,4) and magnitude (G, 3 mag)

of the second harmonic load.

elements over the other two; this is consistent with the
conclusion drawn from Fig. 6 regarding current cancel-
lation. Only when both elements, « and g,, or, more gen-
erally, C,, + o and C,, + g, are present IMD3 can be
improved. In this case a partial nonlinear current cancel-
lation occurs (see Fig. 6) resulting in an improved IMD3
level (Fig. 9) over all possible second harmonic output
load reflection coefficients. Finally, when all element cur-
rents are eliminated (curve labeled ““No C;, + g,, + G

+ o) IMD3 is largely improved to —160 dB. This result

is naturally of theoretical only importance and indicates
simply the ultimate degree of distortion that the device
could achieve.

The choice of the second harmonic load is important in

- order to fully optimize the IMD3 characteristics. As one

observes in Fig. 6, all nonlinear currents are not constant
with second harmonic loads. For phases G; 5 ,, around
1.5 rad the strongest of the elements, g, and « have a
maximum while their minimum occurs close to 3 rad.
These two regions indicate where the extremes of IMD3
are located as function of G 5 ;. Fig. 10 shows IMD3
versus Gy o, at an input power of —7.32 dBm for var-
ious second harmonic load reflection coeflicients,
G, 2f. mag- LooOking at the Gy o7 e = 0.75 curve one sees
that a 3 dB variation may occur in IMD3 due to only very
small variations of the g;, or the « generated currents with
Gy 2. n- IMD3 is obviously very sensitive on the domi-
nating nonlinear currents. Furthermore, it is obvious that
best IMD3 requires high reflection coeflicients having
second harmonic phases at the short load impedance re-
gion of the Smith chart (around 3 rad).

The lowest and highest IMD3 values are determined,
as mentioned above, by the nonlinear current extreme val-
ues. Comparison between the results of Figs. 6 and 10
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shows that, worst IMD3 occurs at a Gy, 5, corresponding
close to the maximum of the g, or the « related currents.
Also, the minima of the IMD3 curves occur in the region
where these currents have their minima. In general, best
(worst) IMD3 occurs at Gy ,, values having high (low)
base-emitter (C;, + g;) or base-collector (Cp. + ) or
total (C;, + g + Cp. + o) nonlinear current. However,
it is the'g;, nonlinear current that dominates IMD3 gen-
eration. The a, o + Gy, C;, + g, related currents have
the same trends with the g, nonlinear current since « re-
flects the g;, characteristics (see equation9) and the cur-
rents of C;, and C,, are weak. Overall, it appears that g;,
is the dominating element in HBT IMD3 performance.
The optimum IMD3 evaluated here was found to occur at
the same angle where best IMD3 was evaluated using a
w-model and a different device as reported earlier on by
the authors [9]. The work presented here provides, how-
ever, a better insight to the true mechanisms dictating
HBT distortion, since the analysis is based on a T-model
where each element has more physical significance.

V. CoNCLUSION

The IMD3 performance of HBT’s was studied using a
generalized Volterra Series approach, which allows de-
vice analysis under variable second harmonic load con-
ditions. A T-equivalent. circuit model was used for the
HBT to provide better physical insight to its nonlinear
characteristics. IMD3 was found to be greatly affected by
the nonlinear current entering the base junction and for
the particular device under study, g;, followed by a dom-
inate the nonlinear behavior. Cancellation occurs in the
base node through interaction of the g;, and « nonlinear-
ities and improves IMD3 performance by at least 15 dB
(see Fig. 9). Best IMD3 can be obtained through proper
second harmonic load selection and is associated with the
minimum of the dominant nonlinear current, namely, g;,.
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